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Abstract 
This thesis presents an investigation into the machinability of the super austenitic 
stainless steel, AL-6XN alloy. The machinability of a material is defined as the ease 
of material removal by the edge of the cutting tool using one of the common machining 
operations (milling, drilling or turning) to produce a satisfactory surface quality at low 
cost. The AL-6XN alloy has recently replaced the conventional austenite stainless steel 
alloys and is being used in the oil and gas industry (oil and gas pipelines, pipe fittings 
and valves), offshore structures, chemical and food-processing systems, nuclear power 
plants, pumps and electrical transforms cases that are used in harsh environments. The 
current literature regarding machining does not explain the AL-6XN alloy plastic 
behaviour when the alloy is being machined using traditional machining operations. 
Due to using the AL-6XN alloy in the abovementioned sensitive applications, it is 
disappointing to have a failure in a machined component, during its lifespan, due to 
improper machining procedure. Therefore, the current work attempts to fill the gap in 
the literature regarding machining of the AL-6XN alloy. The research in this thesis 
consists of three main stages. 
The first stage in this thesis consists of two parts: 
• In the first part of this stage, observational cutting trials were conducted to 
determine the machining behaviour of the AL-6XN alloy. Milling trials were 
carried out and the machining aspects, such as cutting forces, chip morphology, 
work hardening, microstructure analysis, tool wear and surface roughness, were 
investigated. Machining issues that were noted include: high feed and normal 
forces; extreme work hardening tendency; low quality of the machined surfaces; 
built-up edge formation; high degree of serration of the formed chips, flank, crater 
and chipping wear of the cutting tools. 
• The second part of this stage included the assessment of the machinability of the 
AL-6XN alloy. Milling trials were also conducted on a difficult-to-machine alloy 
(AISI 316 austenite stainless steel) using the same cutting parameters and cutting 
environment that was used to machine the AL-6XN alloy in the first part above. 
The cutting forces analysis, roughness of the machined surfaces, work hardening 
tendency and the geometry of the worn tools were assessed.  
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Finite element study was also conducted on both alloys to simulate their cutting 
process as a part of the assessment process. Stresses and plastic strain were 
calculated through this finite element study and a comparison was made on the 
gained results to assess the simulated cutting process of both alloys. Overall, the 
experimental and the finite element results demonstrated that the machinability of 
the AL-6XN alloy was inferior than the AISI 316 alloy. 
In the second stage of this thesis, chip formation was studied when the frozen chip root 
samples were generated by interrupting the turning process using the quick stop 
method. Electron backscatter diffraction and secondary electron images of high quality 
polished and electrolytically etched chip root samples revealed the plastic deformation 
ahead of the cutting tool tip, in the work hardened layer and in the chip region. Micro-
cracks, which perform as built-up edge initiators, were identified in the stagnation zone 
of the frozen chip root samples. In addition, in this stage, the plastic strain map was 
calculated based on the change in the size of the deformed grains. A work hardening 
map was estimated in the stagnation zone, the deformed and sub-deformed layers and 
in the chip region. The results revealed a high plastic strain of 6.5 and 5.7 mm/mm 
when cutting speeds of 94 and 65 m/min, respectively, were applied. In addition, the 
microhardness values were significantly increased by up to more than double that of 
the base material in the shear zones and reached the maximum values in the chip 
region.  
The third stage of this thesis describes the development of a 2-dimensional finite 
element model to illustrate the cutting process of the AL-6XN alloy. The AL-6XN 
alloy microstructure was scanned using electron backscatter diffraction and then the 
microstructure was analysed using Object-Oriented Finite element analysis software 
to create a meshed microstructure. The meshed microstructure was imported and used 
in ABAQUS software to build the finite element model in order to acquire precise 
results through the grains and at the grain boundaries of the AL-6XN alloy 
microstructure. The Johnson-Cook constitutive model was used and calibrated to 
present the alloy plastic behaviour under high strain rate deformation processes, such 
as machining. The proposed model was used to predict the stresses, strains, 
temperatures, residual stresses and chip morphologies based on the real (physical) 
microstructure. The results from the model were verified by the results of the 
experimental work and the overall recorded errors were less than 7.5%. 
xviii 
 
The thesis outputs main implications are, firstly, providing an understanding of the 
plasticity behaviour during machining of the AL-6XN super austenitic stainless steel 
alloy to the academic community. Secondly, the benefits of the output data are useful 
for manufacturers when producing new or replacement machined components using 
the AL-6XN alloy. Lastly, a finite element model that simulates chip formation while 
machining the AL-6XN alloy has been established for the first time. Due to the 
satisfactory results, this model can be utilised to expect the plastic behaviour of the 
AL-6XN alloy during the cutting process using boundary conditions consisting of 
various cutting parameters. 
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1 Introduction  
1.1 Background of the research 
Industrial needs, and scientific and technological challenges impose on manufacturers 
the need to better develop existing materials or even produce new materials that have 
superior properties at low cost. It is a fact that components made of these developed 
materials are efficient in overcoming common industrial issues such as corrosion and 
failure at elevated temperatures due to their improved strength. However, many of 
those manufactured components have suffered instant failure (short lifespan) in 
industrial use due to improper manufacturing processes that have resulted in poor 
surface finish and quality. In the 19th century, most manufacturers used a trial and error 
procedure to determine the optimal components with the longest lifespan [1]. This old 
procedure required manufacturers to spend extra funds on wasted materials and worn 
cutting tools. Additionally, the wasted materials were considered harmful, unwanted 
and inversely impacted the environment. The current, rapid development in 
technology, especially in the manufacturing and machining fields, assists researchers 
to apply various tests to evaluate the machinability of materials, regardless of their 
superior mechanical properties, within professional machining laboratories. These 
machinability evaluation tests are economical as they are conducted using small 
samples of the tested materials which reduce waste, cost and environmental damage. 
In addition, the developed technology in the manufacturing engineering field enables 
researchers to use professional simulation software to model the metal cutting process, 
evaluate the machinability of materials and eliminate real time machining tests. 
In the marine industry, chemical and food waste processing, and the oil and gas 
industry, the austenite stainless steel alloys, especially the 300 series, are used to resist 
corrosion. The 300 series alloys are characterised by improved corrosion resistance 
acquired from the level of alloying elements and heat treatment processes. Industrial 
experts have advised that utilising the super austenitic stainless steel (AL-6XN alloy), 
characterised by an elevated strength level, in the above-mentioned applications would 
contribute to better results in resisting severe types of corrosion and produce longer 
lifespans compared to the conventional austenite alloys.  
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However, manufactured components made of the AL-6XN alloy are more efficient for 
industry use if the components are correctly machined and produced using proper 
designated cutting parameters. Therefore, industrial experts were consulted regarding 
the machinability of the AL-6XN alloy and it was reported that the machinability of 
this alloy is not yet well understood. Therefore, it is worthwhile and necessary to 
evaluate the machinability of the AL-6XN alloy using designated experiments and 
simulation technique to compensate for the lack of data in the machining and 
manufacturing fields. The machinability evaluation in this thesis includes: performing 
milling cutting trials using selected cutting parameters; investigating the various 
aspects of machining; assessing the AL-6XN alloy’s machinability feature; 
determining the plasticity behaviour of the alloy when it is subjected to a high strain 
deformation process; and modelling the AL-6XN alloy cutting process using its real 
physical microstructure. 
1.2 Thesis objectives  
The AL-6XN alloy is characterised by its superior mechanical properties which 
indicate that the alloy can be used in various applications as a replacement of the 
conventional austenite stainless steel grades (especially the 300 series), as reported in 
a recently conducted study by Flores et al. [2].  Therefore, it is necessary to understand 
the plastic behaviour during the machining process before manufacturing components 
using the AL-6XN alloy. The aim of this thesis is to evaluate and investigate 
machinability behaviour of the AL-6XN alloy using conventional machining 
processes, such as milling and turning, as there is a lack of information regarding the 
machining of this alloy. The aim of the thesis can be summarised in the following 
research question:  
“How is the AL-6XN alloy plastically deformed under machining 
process?” 
To answer this question, the current thesis will be divided into three main objectives: 
• Objective 1: This objective aims to evaluate the machinability of AL-6XN alloy. 
This objective consists of two parts: 
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- Conducting milling cutting trials using as received material, cutting tools and CNC 
machines, to observe, analyse and evaluate the machining aspects of the AL-6XN 
alloy. 
- Assessing the machinability of the AL-6XN alloy by comparing it to the evaluated 
machinability of a well-characterised alloy (AISI 316) in machining field. 
• Objective 2: Conducting turning cutting trials on AL-6XN alloy to evaluate the 
plasticity and the thermomechanical reaction during machining process in frozen 
chip root samples using a chip formation analysis and a quick stop approach. 
• Objective 3: Modelling the plasticity and the thermomechanical reaction of the 
evaluated machining process of AL-6XN alloy using the finite element approach 
and ABAQUS software depending on the data, such as plastic deformation, 
mechanical properties and microstructural phase, acquired in objective 2. 
1.3 Thesis layout  
The layout of the current thesis consists of six chapters. These chapters include the 
introduction, literature review, experimental design, results and discussion, conclusion 
and limitations and proposed future work. 
▪ Chapter 1 is the introduction of the current thesis that cites the thesis aim, thesis 
research question and the objectives (proposed solutions). Also, thesis layout 
diagram which explains the flow of information and connections of all the thesis 
chapters is illustrated. 
▪ Chapter 2 reviews the background on the material investigated in this work. The 
material history and current applications are explored and show the importance of 
the alloy in industry. Then, the machining and machinability of the materials are 
explained to understand the machining aspects of a machined material. The 
research on the machinability of stainless steel alloys are reviewed to clearly 
identify the research gap regarding machining of the AL-6XN alloy. At the end of 
this chapter, experimental and simulation studies, including the definitions of the 
current finite element models used to represent the simulation of the metal cutting 
process, on the thermomechanical reaction due to machining alloys are cited and 
reviewed.  
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▪ Chapter 3 explains the design of all the experiments conducted in this thesis to 
answer the research question. The experiments included in Chapter 3 are: 
- Material characterisation of the AL-6XN alloy to reveal the alloy mechanical 
properties. 
- Conducting cutting trials on the AL-6XN alloy using conventional milling to 
generate machining data and to reveal machining issues in terms of the cutting 
forces, chip morphology, work hardening, microstructure deformation, tool wear 
and surface roughness. 
- An experiment to assess the machinability of AL-6XN alloy was conducted. 
Machining milling trials were performed using the same cutting parameters and 
environment on a well-characterised alloy, i.e. AISI 316 austenite stainless steel 
alloy. Machining aspects, such as cutting forces, work hardening, surface 
roughness and cutting tool wear, were investigated and used to assess the 
machinability of the AL-6XN alloy.  
Finite element cutting models were built for both alloys to calculate stresses and 
plastic strain. A comparison between the acquired FEA results of both alloys has 
been conducted as a part of this assessment study. 
- The plasticity behaviour of the AL-6XN alloy during machining was studied using 
a quick stop experiment. This experiment applies a quick stop approach to generate 
frozen chip root samples during turning of the AL-6XN alloy and then the 
microstructure, strain, microhardness and work hardening and temperature 
distribution in the frozen chip root samples were studied. In addition, the wear of 
the cutting tool used in this experiment was also investigated. 
▪ Lastly, a finite element cutting model was built a based on the physical 
microstructure of the AL-6XN alloy. This model shows the distortion of the 
microstructure during formation of the chips, as well as the stress, strain, residual 
stresses and temperature distribution in the grains and grain boundaries of the real 
meshed microstructure. 
▪ Chapter 4 presents and discusses the obtained results from all the experimental 
studies mentioned in Chapter 3. The discussion of the results in this chapter 
explains the effect of the applied cutting parameters on the AL-6XN alloy 
machining aspects as well as the links between the machining aspects.  
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Also, results of machinability assessment of AL-6XN alloy were discussed. The 
plasticity of the AL-6XN alloy was determined when the microstructure, 
temperature and plastic strain were calculated experimentally and by the developed 
model, and this is discussed and related to the work hardening behaviour in the 
frozen chip root samples and the wear of the cutting tool. 
▪ Chapter 5 concludes the results described in Chapter 4 by giving a summary of the 
important outcomes of this thesis. In addition, a brief summary of the results of 
each experiment on the machinability of the AL-6XN alloy is given. In particular, 
a summary is given regarding the results of the following experiments: 
- Material characterisation. 
- Machinability characterisation of the AL-6XN alloy. 
- Machinability assessment of the AL-6XN and AISI 316 alloys. 
- Chip formation study in machining of the AL-6XN alloy. 
- Finite element analysis of the machinability of the AL-6XN alloy.  
The contribution to the manufacturing industry and machining literature is 
explained and presented at the end of Chapter 5. 
▪ Chapter 6 proposes limitations and recommendations for future work to increase 
the knowledge of machining of the AL-6XN alloy. 
The thesis main chapters are displayed in the thesis layout which is simplified in the 
diagram shown in Figure 1.1 below. 
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Figure 1.1 Thesis layout 
Introduction 
Literature review 
Experimental design 
Material characterisation 
Machinability characterisation of AL-6XN alloy 
Machinability assessment of AL-6XN and AISI 316 alloys 
Chip formation study in machining of the AL-6XN alloy 
FEA of machinability of AL-6XN alloy 
Results, analysis and discussion 
Conclusions 
Chapter 2   Literature review 
 
 
 
7 
 
2 Literature review 
This chapter provides background information to explore and understand the 
fundamental subjects and experiments of the current thesis, as well as to identify the 
gap in the research. The literature review chapter is divided into eight main sections: 
• The first section includes an introduction to the super austenitic stainless steel. This 
section explores the history of the AL-6XN alloy and its development in industry, 
as well as its specifications, properties and applications. 
• The second section reviews the machining process and machinability of the 
material. This section provides information on the definition of machining theory 
and the machinability aspects, including cutting forces, chip formation, 
microhardness, metallography analysis, tool wear and surface roughness, and the 
in the machining process. Research on the machinability of materials and the 
thermomechanical reaction due to machining are explored.  
• Brief introductions on the milling and turning processes are given in sections 3 and 
4. Milling and turning processes are defined and the geometries of their workpiece 
and the cutting tools, as well as the applied cutting parameters, are explained. 
• The fifth and sixth sections describe the literature on the research on the 
machinability of stainless steel alloys and the thermomechanical analysis in the 
cutting shear zones due to machining, respectively. 
• The last two sections of this chapter describe the current trends in metal cutting in 
terms of the finite element studies. These two sections review the finite studies, 
models and simulations conducted by researchers to study the metal cutting 
process. 
2.1 Introduction to austenite and super austenitic stainless steel 
alloys 
Austenite Stainless Steel (ASS), also known as gamma iron, is a type of stainless steel 
formed when a stainless steel alloy is heat treated at high temperatures. ASS has a solid 
solubility structure at 1148°c and a carbon content of 2.11% by weight. ASS is 
characterised by a Face Centre Cubic (FCC) microstructure phase that becomes a 
ductile phase at high temperatures [3].  
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In industry, especially in the gas and oil sector where pitting and severe corrosion are 
found, it is necessary to produce a type of steel with high mechanical properties that 
can withstand harsh environments. As a result, researchers have produced Super 
Austenitic Stainless Steel (SASS) alloys by adding large amounts of chromium, nickel, 
molybdenum and nitrogen to the ASS alloys [4-6]. The SASS has different grades of 
steel with the AL-6XN alloy steel being the most important stainless steel in this thesis. 
However, the produced alloys probably contain alloying elements in the 
microstructure of up to the half of the material chemical composition.  
The SASS AL-6XN (from now on referred as AL-6XN alloy) was produced at a time 
between 1930 and 1970 [7]. A fully austenite phase is the main microstructure of the 
AL-6XN alloy. The presence of Cr, Ni, Mo and N in the microstructure will commonly 
produce precipitated secondary phases, such as σ, X and R. Furthermore, the 
deposition of chromium carbides in the microstructure at certain temperature limits 
will likely occur when the alloy is subjected to a heavy plastic deformation process [8, 
9]. Recently, the demand for the AL-6XN alloy has increased because of the alloy 
superior mechanical properties compared with the common ASS grades. In addition, 
the AL-6XN alloy has reasonable corrosion resistance and is lower expensive than 
superalloys, such as nickel base alloys [10]. 
2.1.1 History and metallurgical aspects of the AL-6XN alloy 
The AL-6XN alloy is a type of super austenite stainless steel alloy that consists of a 
high amount of the alloying elements, especially Cr and Ni, which strengthen the alloy. 
This alloy has been produced to overcome the stainless steel alloy corrosion problems 
when these alloys are used in seawater applications. In the early 1970s, the AL-6X 
alloy was produced to replace the 316 austenite stainless steel that used in highly 
corrosive environments. This alloy shows good performance compared to 
conventional austenite stainless steel alloys. The AL-6X alloy contains up to 24% Ni, 
20% Cr and 6% Mo alloying elements, which enhance the alloy corrosion resistance. 
However, using the AL-6X alloy was limited by the size and thickness of the produces 
components due to the ability of precipitating the secondary phases. These secondary 
phases reduce the alloy resistance to corrosion and reduce the manufactured 
components life. 
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Table 2.1 AL-6XN alloy classifications standards 
AL-6XN alloy standards 
ASTM 
B 
ASME 
SB 
ASME 
SA 
ASTM 
A 
UNS NACE 
366 366 182 182 N08367 MR0175 
462 462 240 240 
 
472 564 249 249 
567 675 312 312 
675 688 479 479 
676 691 
 
688 
 691 
804 
 
However, adding a small amount of nitrogen to the AL-6X alloy eliminates the 
secondary phase precipitation during fabrication of thick components [11-13]. 
Therefore, the AL-6XN alloy was developed and used in highly corrosive applications 
instead of the AL-6X alloy. A company named Allegheny Ludlum Corporation, which 
specialises in the production of super and advanced alloys, has developed and 
produced the AL-6XN alloy as an alternative to the AISI 316 alloy (from now on 
referred as 316 alloy), particularly for resisting seawater  [14]. This company had 
provided (in their own database) the most significant standards that describe the 
properties and specifications of the AL-6XN alloy.  
The AL-6XN alloy specification and classifications are cited in broad standards [15]. 
The most important standards of the AL-6XN alloy specifications are listed in Table 
2.1. However, the AL-6XN alloy has a typical chemical composition consisting of Cr, 
Ni, Mo, N, P, Si, C and the balance Fe. 
Table 2.2 AL-6XN alloy typical chemical composition 
Weight (%Vol)  Cr Ni Mo N P Si C Fe 
elements 20.5 24 6.2 0.22 0.02 0.4 0.02 balance 
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The weight of these alloying elements varies by a small degree between the standards 
mentioned in Table 2.1. The typical weights of the alloying elements for the AL-6XN 
alloy are itemised in Table 2.2. 
2.1.2 Material properties and applications 
The AL-6XN alloy has some similarities to the ASS alloys, especially the 316 alloy. 
The microstructure of the AL-6XN alloy is presented by the FCC phase structure, 
which enables the stainless steel to provide high strength at low temperatures [16]. The 
AL-6XN alloy is characterised by the addition of the nitrogen alloying element along 
with high levels of molybdenum and nickel.  
The resistance of the chloride stress corrosion cracking (SCC) and the stability of the 
austenite phase are enhanced by the high level of nickel [17-19]. Excellent resistance 
to crevice and pitting corrosion is the consequence of adding nitrogen and 
molybdenum to the alloy microstructure [20, 21]. In contrast, a high percentage of 
molybdenum in the microstructure of the AL-6XN alloy will promote the construction 
of the second phases, such as the σ phase. This phase is brittle and harmful to the AL-
6XN alloy properties [22, 23].  
A low carbon content of 0.03% in the AL-6XN alloy chemical composition prevents 
the intergranular corrosion when the alloy is used in welding processes. Other grades 
of stainless steel, such as the 306L, 304L and 300 series, were compared with the AL-
6XN alloy. Both the 304L and 306L grades exhibited lower intergranular attack 
resistance than the AL-6XN alloy. The AL-6XN alloy is also distinguished by the 
superior mechanical properties combined with higher yield strength. The 300 series 
stainless steels have lower strength at higher temperatures compared to the AL-6XN 
alloy [24].  
The AL-6XN alloy is commonly used in the following applications [2, 25, 26]: 
• Chemical processing systems, e.g. chemical waste and food processing equipment. 
• Oil and gas industry, e.g. pipelines, fittings, valves, scrubbers and heat exchangers. 
• Offshore and marine structures, e.g. water desalination systems, pumps and 
transformer cases. 
• Nuclear power plants, e.g. structural elements. 
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The common factor in all these applications is the presence of a corrosive environment. 
Also, these applications are sensitive to material failure, which means that if the 
material fails during its working life, it will be difficult to fix or replace the affected 
components with low effort and cost. Machinability of a material can improve or 
decrease the working life of the produced components depending on the applied 
cutting parameters and the machining aspects, Therefore, the machinability of the AL-
6XN alloy should be well understood to produce high quality components.  
2.2 Machining and machinability of materials  
Machinability of a material was defined by Davim and Lalbondre et al. and  as the ease 
of material removal (chips) by the edge of the cutting tool using one of the 
conventional machining operations (milling, drilling or turning) to produce a 
satisfactory surface quality at low cost [27, 28]. Machinability of any work material 
depends on i) the properties of the material; ii) the material and geometry of the cutting 
tools; iii) the level of process parameters; and iv) the machining environment (dry or 
wet machining). In addition, the strength, rigidity and stability of the machine also 
influence the machinability process.  
In general, machinability is often judged by: i) the magnitude of cutting forces; ii) tool 
wear/tool life; iii) surface finish and surface integrity; iv) the cutting temperature; and 
v) chip formation and morphology. These factors are considered as indicators of a 
material machinability. In some industries, the machining process in terms of drilling, 
milling and turning is a forming process that is conducted to produce smooth surfaces.  
The predictability of machining steels and stainless steels is poor due to the 
microstructure phases. The ductile phases lead to common machining issues, such as 
the formation of the built-up edge on the cutting edge, chipping wear and notch wear. 
These issues influence the cutting forces value, as well as the quality of the produced 
surfaces. In contrast, the brittle phase, such as that in cementite, is an abrasive factor 
during the cutting process that forms different types of wear, such as crater and flank 
wear, on the cutting tools, which inversely influence the productivity of the machined 
alloys.  
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2.2.1 Machinability aspects 
Cutting forces analysis 
When the cutting process is started, the cutting tool contacts the workpiece and, due to 
this contact, pressure occurs in the contact area between the workpiece and the cutting 
tool, and then cutting forces and stresses will be created. When the cutting forces are 
increased, the resultant stresses cause a permanent (plastic) deformation represented 
by the chip formation and separation of the workpiece.  
Estimating the cutting forces for a material machining process is used to eliminate 
distortions in the machined components and to design the geometry of the cutting tools 
and tool holders. In addition, cutting force data help in finding the required power to 
cut the alloy, which in turn assists in choosing the adequate motor drive of the CNC 
machine [29, 30]. The cutting forces can be precisely predicted using the dynamometer 
measurements [31-33]. Dynamometers are attached to the machining instrument and 
used to measure the forces directly from the cutting process. Different forces can be 
extracted and evaluated from the machining process, as shown in the merchant 
diagram for the typical cutting forces in Figure 2.1.  
From Figure 2.1, Fc is the cutting force responsible for the chip formation and 
separation. The direction of the Fc is in the same direction as the feed during the cutting 
process. Ft is known as a thrust force, and it is perpendicular to the cutting force and 
the feed direction during the cutting process. Fc and Ft can be considered as the 
components of the resultant force R. This force R can also be analysed as two separate 
forces, N and F. The normal force N has a normal direction on the chip–tool contact 
surface while the friction force F is parallel to the chip-tool contact surface. 
The F and N forces are given by equations 2.1 and 2.2. 
F = R sin β                                                                                                   (2.1) 
N = R cos β                                                                                                 (2.2) 
Where β is the friction angle, refer Figure 2.1. 
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Figure 2.1 Typical cutting forces components in Merchant circle   
 
Fs and Fn, are the forces acting on the shear plane and can be estimated with respect to 
Fc and Ft from equations 2.3 and 2.4: 
Fs = Fc cos ϕ - Ft sin ϕ                                                                                 (2.3) 
Fn = Fc sin ϕ - Ft cos ϕ                                                                                 (2.4) 
Where, ϕ is the shear plane angle, refer Figure 2.1. 
Shear plane angle ϕ is calculated by merchant equation 2.5 [34]: 
ϕ = π/4 – ½ (β-γ)                                                                                          (2.5) 
These equations help to evaluate the normal and shear stresses (σn and Ks) in the shear 
plane in terms of the shear area. The shear area (As) can be calculated from the cutting 
depth value and the shear plane angle (equations 2.6-2.8) [34]: 
σn = Fn/As                                                                                                    (2.6) 
Ks = Fs/As                                                                                                    (2.7) 
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As = w/sin ϕ                                                                                                 (2.8) 
The amount and direction of the thrust force are influenced by the friction angle (β) 
and the rake angle (γ) as shown in equation 2.9 [35]. 
Ft = R sin (β-γ)                                                                                            (2.9) 
Estimating the different types of forces during the cutting process increases the 
machinist awareness of the machined materials and enables the manufacturers to 
improve their productivity. 
Chip formation 
The formation of chips during machining significantly affects the machinability of a 
material and, therefore, it is necessary to understand the mechanism of chip formation. 
To study the chip formation mechanism, it was assumed, by researchers, that the 
cutting process was an orthogonal process as shown in Figure 2.2. In an orthogonal 
cutting process, the cutting edge position is perpendicular to the cutting direction 
during the cutting process, as shown in Figure 2.2. This assumption is widely used by 
researchers to avoid issues with the geometry of the cutting tools during machining 
[36]. When the cutting process is taking place, the cutting edge will cause a shear strain 
in the machined surface. If the shear exceeds the elastic limits, then a plastic shear will 
spread along the shear plane. The shear plane, which is a line that splits the machined 
(deformed) material and the uncut material (Figure 2.3), is inclined by the shear plane 
angle ϕ from the machined surface (the horizontal plane). The plastic shear will form 
the plastic deformation of the machined surface and, as a result, metal chips will split 
from the surface. 
Figure 2.3 explains the chips formation criteria. It was assumed by Ernst and Merchant  
that chips will be a set of plates having the same shape and thickness [37]. The 
geometries of these plates have been analysed to calculate the plastic shear strain in 
the machined surface generated by the cutting edge. The shear strain is predicted from 
the triangle ABC as shown in Figure 2.3-B and C. The shear strain (τ) can be calculated 
by using the following equations (2.10-2.12) [38]. 
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Figure 2.2 Orthogonal metal cutting model [36] 
 
Figure 2.3 Chips formation diagram 
 
τ = AC/BD                                                                                                 (2.10) 
τ = (AD + DC)/BD                                                                                    (2.11) 
τ is also calculated in turn of ϕ and α from the following equation: 
τ = tan (ϕ – γ) + cot ϕ                                                                                (2.12) 
Where ϕ is the shear plane angle; γ is the tool rake angle. 
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Shear plane angle ϕ is given by equation 2.13: 
tan ϕ = r cos α / (1 – r sin α)                                                                      (2.13) 
Where, r is the chip thickness ratio and is given by equation (2.4): 
r = tₒ / tc                                                                                                      (2.14) 
tₒ and tc, shown in Figure 2.1, are the chip thickness before and after the cutting 
process.  
Chip thickness ratio r is less than 1, as the tc is higher than the tₒ in the machining 
process. The magnitude of tₒ and tc can be estimated by equations 2.15 and 2.16. 
tₒ = Ls sin ϕ                                                                                                (2.15) 
tc = Ls cos (ϕ – α)                                                                                      (2.16) 
Ls is the shear plane length. 
Types of chips 
The chips formed during the cutting process were classified into four categories 
depending on their shape and colour. The cutting parameters and the properties of the 
material determine the types of chips and their formation mechanism. Figure 2.4 shows 
the geometries of the four chip types.  
 
Figure 2.4 Types of chips 
A: Continuous chip  B: Discontinuous chip  
C: Segmented chip  D: Chip with BUE  
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These chip types, mentioned in [36, 39-41] are: 
1. Chips with a continuous profile are generated if the machined material is classified 
as a ductile material (Figure 2.4-A). The formed chips have the ability to resist the 
separation process at their shear planes due to the high elasticity of the ductile 
machined material. These chips have positive and negative implications during the 
machining process. On the one hand, a reasonable quality for the machined surface 
is turned up. On the other hand, the entanglement of chips on the cutting tool can 
cause accumulation of chips around the tool and the workpiece due to hard chips 
disposal. A small cutting depth, moderate feed, a high cutting speed, high rake 
angle and efficient coolant increases the likelihood of continuous chips being 
produced during machining of ductile materials. 
2. Chips of a discontinuous profile are produced when machining materials of brittle 
microstructures (Figure 2.4-B). When a brittle material undergoes a cutting 
process, compression stress is created in the formed chip and this causes the chip 
to separate at its shear plane. As a consequence of repeated separation of chips at 
the shear plane, an improper surface finish results due to the friction between the 
formed chip and the cutting tool, which causes wear when the chips slide on the 
cutting edge.  
A high cutting depth, low feed, small rake angle and using inefficient coolant with 
a low or high cutting speed increases the likelihood of discontinuous chips being 
formed during the machining of brittle material. 
3. The third type of chip is the serrated type of segmented chip (Figure 2.4-C). 
Serrated chips have a semi continuous profile that consists of two regions, i.e. the 
concentrated shear region and regions of lower deformation. This type is very 
common when cutting hard machining materials, such as ASS, superalloys (nickel 
base) and titanium alloys, with low cutting speed. The strain produced during 
machining works as a cyclic load and produces the serrated chips. When the cutting 
speed increases, segments are formed in the chips and separation of the chip 
segments occurs. However, the heat generated due to the cutting process affects 
the size of the chip segments. For a low thermal conductivity machined alloy, the 
heat is concentrated within the chips and localised shear bands are created and 
result in the formation of narrow segments.  
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4. The final type is a chip with a continuous profile with a built-up edge (BUE) 
(Figure 2.4-D). The BUE is a small part of the chip that is due to the adhesion of 
small workpiece fragments to the chip at the shear zone on the tool rake face. A 
high cutting temperature and high pressure assist the welding of these workpiece 
fragments to the cutting tool. This adhesion usually appears when low speeds are 
used to cut a ductile metal. The BUE consists of the machined material pieces and 
a few pieces of the cutting tool, which causes severe chipping wear when the BUE 
is separated from the chips. As a result, a low surface finish is obtained due to 
machining with a worn cutting tool. Applying a large depth of cut, very large feed, 
low cutting speed, small rake angles and inadequate coolant on the ductile material 
induce the formation of such chips. 
Morphology of chips 
The morphology of chips is used to investigate a material behaviour during machining. 
The behaviour of materials during the cutting process is shown by the chips colour and 
geometry. As mentioned in the previous section, ASS alloys mostly form segmented 
type chips during machining. However, these segmented chips can be converted to 
discontinuous chips due to the formation of a work hardened layer at the primary shear 
zone and in the chip region.  
Although the ductile material creates continuous or segmented chip morphologies 
during the cutting process, these chip morphologies can change to discontinuous 
morphologies depending on the degree of work hardening, which also depends on the 
applied cutting parameters and the cutting environment. Therefore, prediction of the 
morphology of chips is necessary to estimate the machinability of a material due to its 
strong relation with tool wear, the quality of the machined surface and work hardening 
[42, 43].  
Changing the cutting parameters during machining affects the magnitude and type of 
tool wear and hence, this will produce multiple shapes of the formed chips [44, 45]. In 
contrast, chip formation controls the surface tolerances, and therefore, controls the 
roughness of the machined components [46]. Researchers have studied the 
morphology of chips while machining various types of materials.  
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Muñoz Escalona et al. studied the morphology of chips during machining of the 303 
ASS alloy [47]. Chips were collected after dry and wet cutting trials. The chips had a 
yellow (due to high temperature) and white colour when machining the alloy in dry 
and wet environments, respectively. The chip morphology was serrated and the 
serration degree increased when the alloy was machined in a wet environment.  
Mohanty et al. collected continuous and long formed chips after machining stainless 
steel alloy type 17-4 PH [48]. The chips colour was changed from silver at the 
beginning of cutting to golden at the end of cutting due to the effect of the accumulated 
heat. Researchers have also used the chips colour to analyse the cutting tool failure.  
Morehead et al. studied the chip morphology and its relation to the wear of the cutting 
tool while machining hardened steel type 52100 and had shown the formation of 
serrated chips of segments [49]. The distance between two consecutive segments, as 
well as the serrated end height, was inversely proportion to the progression of the 
cutting tool flank wear. Also, the applied cutting speed and high cutting tool wear 
induced segment formation in the chips, which is the opposite behaviour to that seen 
when increasing the applied feed rate. However, the effect of the depth of cut on the 
chip segmentation was correlated to the applied cutting speed and feed rate.  
Another machining study, conducted by Jin and Liu, investigated the chip morphology 
of the superalloy type FGH95 [50]. The study displayed that the degree of serration of 
the chips increased with greater applied cutting speed until the creation of fragmented 
type chips.  
Hua and Shivpuri studied chip morphology by machining the Ti-6Al-4V titanium alloy 
at low and high cutting speed [51]. Serrated and discontinuous chips were formed at 
high and low cutting speeds, respectively. These morphologies were found because 
Ti-6Al-4V is sensitive to internally generated cracks. 
Komanduri et al. found a serrated chips morphology when the Ti-6Al-4V was 
machined regardless of the applied cutting speed [52]. When a high speed camera was 
used to observe the instantaneous shear, it was found the primary shear zone underwent 
an unsteady plastic shear during the cutting. Such a shear was the reason behind a 
catastrophic shear that, in turn, caused the serrated chips.  
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Machinability of the Inconel 718 superalloy exhibited that the morphology of chips 
influenced the quality of the machined surfaces [53]. Chips with a high thickness were 
produced when machining the Inconel 718 alloy at a low cutting speed. These chips 
reduced the wear on the tool rake face but decreased the quality of the machined 
surfaces (i.e. increased the roughness values).  
Thickened chips of low radius were formed during the machining of AISI 304 ASS at 
low cutting speeds [54]. Researchers concluded that the thicknesses of the chips were 
controlled by the angle of the shear plane. A low shear plane angle resulted in the 
formation of chips of high thickness that slowly slide on the cutting tool rake face.  
Work hardening measurements  
Work hardening of a material is the significant increase of the material strength due to 
plastic deformation triggered by an external load. The external load results from 
processes such as metal machining, forming, rolling or heat treatment. In machining, 
the external load is applied when the cutting tool contacts the workpiece and generates 
strain and stresses. When the strain is in the plastic region, as the chip is formed, the 
deformed grains crystal structure is affected and produces slip lines and dislocations.  
The movement and the accumulation of these dislocations with the newly created slip 
lines in the deformed grains increase the strength of the machined material. 
Consequently, the hardness values increase and inversely influence the wear of the 
cutting tool, surface quality and the cutting forces.  
The work hardening is measured by measuring the hardness at the deformed layer. The 
hardness of a material can be defined as the resistance to the permeant surface 
deformation (plastic deformation caused by the indenters) [55]. The hardness of a 
material can be measured using various techniques and scales. It can be measured at 
nano, micro and macro scales depending on the size of the tested surface area, material 
properties and the applied load.  
The microhardness measurement is an essential test used by researchers to measure 
the hardness and work hardening of the machined surfaces. The microhardness 
measurements can be conducted using techniques such as Vickers hardness (HV), 
Rockwell hardness (HR), Brinell hardness (HB) and Knoop hardness (HK) [56].  
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The Vickers hardness test is the main test used in this thesis to measure the work 
hardening, as demonstrated later in other chapters. Therefore, this section focuses on 
explaining the importance of this test and the main equations used to calculate the 
microhardness of the surface. In the Vickers hardness test, a diamond shape indenter 
is used to produce the plastic deformation on the tested surfaces. The microhardness 
value can then be measured from the area of the indentation and the applied force that 
caused the permanent deformation, as shown in Figure 2.5. 
 
 Figure 2.5 Vickers indentation geometry [57] 
 
From Figure 2.5, shows the average value of the two diagonals d1 and d2. The angle 
136° is the angle between the opposite faces of the pyramid indenter. The 
microhardness of a material HV then can be calculated from the following equation 
2.17 [56]: 
HV= 
𝐹
𝐴
                                                                                                        (2.17) 
Where F: is the applied load in N, and A: is the area of the indentation in mm.  
A is given by equations 2.18 and 2.19: 
A= 
𝐷2
2∗sin
136
2
                                                                                                                      (2.18) 
A= 
 𝐷2
1.854
                                                                                                      (2.19) 
HV= 
0.102∗1.854 𝐹
𝐷2
 , HV= 
0.1819 𝐹
𝐷2
                                                                (2.20) 
d1 
d2 
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The microhardness measurement is one of the main machining aspects that should be 
investigated before producing the machined components. The microhardness of the 
material can influence the cutting tool efficiency by increasing the wear and reducing 
the cutting tool life. Furthermore, the microhardness enables the machinist to select 
and design the proper cutting parameters that improve the surface finish quality, 
reduces the wear of the cutting tools, reduces vibration, produces a suitable chip 
morphology and, lastly, improves the machinability of the material.  
Metallography analysis  
Metallographic analyses are conducted on a material to expose its microstructure after 
subjecting the material to an external load, such as the machining process, heat 
treatment, corrosion or welding. This analysis is used to view the changes within the 
microstructure, such as the transformation between two phases, fraction between 
phases, dislocations accumulation and movements, precipitation of secondary phases 
and grain size. These changes have a direct impact on the material physical and 
mechanical properties. For example, brittleness and ductility of a material are affected 
by the phase transformation process whereas the toughness of the material is affected 
by the grain size.  
Therefore, the following two subsections offer a brief explanation about the phase 
transformation and the physical metallurgy processes in stainless steel alloys. 
Phase transformation  
Phases within a steel or stainless steel microstructure are well distinguished and 
understood using the iron-carbon (Fe-C) equilibrium diagram. This diagram, shown in 
Figure 2.6, explains the constancy of phases according to the temperature degree and 
the carbon content [58]. When a deformation caused by one or more processes, such 
as heat treatment, welding, or machining, is taking place to improve a material 
mechanical properties, the Fe-C diagram is used as a benchmark to achieve the 
required phases. However, the added alloying elements also affect the stability of the 
phases and might change the required temperature to complete a phase transformation 
process [58].  
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Figure 2.6 Iron-carbon equilibrium diagram 
As explained, some types of steel might have a microstructure transformation from 
one phase into other phases during heat treatment or metal cutting processes. Each 
phase in the microstructure is an independent phase and has its own properties and 
profile that distinguish it from other phases [59]. A phase is a part of the homogenous 
structure that is characterised by special physical behaviour compared to other parts of 
the system [60]. Generally, phases and their weight fractions, as well as the phases 
microstructures, are the equilibrium fundamentals of an alloy. When the 
microstructure of an alloy at fixed values of pressure and temperature is stable, the 
alloy is in the equilibrium state. In the phase transformation process, the system 
equilibrium can be theoretically evaluated using the Gibbs free energy equation 2.21 
[59]. 
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G = H – TS                                                                                                (2.21) 
Where, the G: Free energy, H: Enthalpy, T: Temperature (absolute value) and S: 
system Entropy.  
System Enthalpy is calculated from equation 2.22:  
H = E + PV                                                                                                (2.22) 
In which E, P and V are the internal energy, pressure and volume respectively. 
When the system is considered to be in a stable status, the magnitude of the Gibbs free 
energy change is at a lower value (dG = 0). The phase transformation is then estimated 
by equation 2.23: 
ΔG = G2 – G1                                                                                           (2.23) 
ΔG < 0  
Where, G1: Initial free energy, G2: Final free energy.  
Gibbs free energy is reduced by diffusion of the atoms in the system of a multi phase 
microstructure.  
Diffusion is described as the atoms movement in the system or between different 
systems in order to reach the equilibrium condition [61]. This diffusion limits the 
transformation process that happens within such a system.  
Physical metallurgy  
Establishing the Gibbs free energy and observing not only dislocation movements but 
also the system chemical potential and equilibrium are the basics of physical 
metallurgy. Phase transformation process is highly influenced by the material physical 
metallurgy. The movement of dislocations and the transformation between phases 
inside the microstructure enforce the material properties to be changed under the 
applied external load. The machinability of a material is a deformation process that 
occurs under the load of the cutter (external load) at high strain, temperature and 
pressure. Therefore, a phase transformation is likely to occur in the machined surfaces 
especially when machining alloys such as stainless steels [62-64].  
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Alloys subjected to external loads can also exist in various forms, for example, a solid 
solution (solvent and solute), pure components or a combination of a solid solution 
with chemical compounds. Therefore, this phase transformation occurs in these alloys 
due to the heat and forces generated during the cutting process in addition to the 
presence of the thermal softening and strain hardening phenomena [3, 65, 66]. 
Tool wear analysis 
In machinability, tool life is the most important criteria for determining the 
performance of the cutting tool during machining a material. The tool life affects the 
accuracy and functionality of the machined surfaces. In industry, tool life can be 
measured according to the roughness of the surface and the wear of the cutting tools 
[67]. Different types of wear can be seen after machining, including Flank (FW) and 
Crater Wear (CW). Flank wear is formed on the tool flank face while crater wear is 
created on the rake face. Tool wear while machining ASS can be classified into flank, 
crater, notch, chipping and nose wear, as well as gross failure and plastic deformation 
[68]. Most of these types are induced by the tool–workpiece abrasion and the adhesion 
process. Particles of high hardness inside the material microstructure serve as abrasive 
particles that increase most of the mentioned wear types.  
The most common wear types while machining ASS alloys are the flank and crater 
wear, which are associated with the formation of the BUE. Flank wear can be defined 
as the abrasive wear of the cutting tool flank face that is formed when the cutting edge 
is in contact with the freshly machined, hardened surfaces during the cutting process. 
Usually, the amount of flank wear after machining a material is used to determine the 
life of the cutting tool. When the ASS is machined, flank wear is commonly formed 
because of the work hardening effect in the machined surface. This flank wear 
influences the quality of the machined surfaces by increasing the roughness values. It 
was reported by Naves et al. that flank wear length reached up to 400 μm when the 
316 alloy was machined with a cemented carbide tool under a dry turning operation 
[69]. Crater wear is a type of wear that is created due to the flowing of the material 
removal on the rake face of the cutting tool. As machining of a material may occur 
under high pressure and temperature, the hard contact between the workpiece cutting 
tool results in the formation of hardened chips.  
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Sliding of the hardened chips on the rake face during the cutting process work as 
abrasive elements that erode the surface and increase the formation of crater wear. 
Crater wear of 5–1000 µm was found on the cutting tool rake face and resulted in 
catastrophic cutting tool failure  [67, 70]. When an alloy that is characterised by low 
thermal conductivity and high ductility is machined, heat generated due to temperature 
accumulation in the primary shear zone leads to the welding of fragments of the 
removed chips on the cutting tool tip to form the BUE [38, 71]. This BUE is considered 
as an unstable layer due to the difference in the properties between the welded BUE 
and the base material of the cutting tool. When the BUE is separated, the removed 
layer is associated with small pieces of the cutting tool. As a result, chipping wear is 
created and extends through the rake face of the cutting tool [72]. When the chipping 
wear increases, notch wear may be produced, especially at the cutting edge of the 
cutting tool [73]. Generally, tool wear is initiated due to the presence of stresses 
associated with a high temperature on the tool workpiece contact area. In addition, 
flowing the formed chips on the tool rake face and flowing the cutting tool flank on 
the hardened machined surface increases the risk of wear forming in machining 
difficult to be machined alloys [74]. 
Surface roughness measurements 
Surface roughness is a significant factor that is used to identify the quality of the 
machined components by measuring the depth of irregularities of the part machined 
surfaces.  
 
Figure 2.7 Formation of the roughness concaves and conveys on the machined 
surface 
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Figure 2.7 reveals a sketched cross sectional diagram of a machined surface to 
calculate the arithmetic mean roughness value, Ra [75]. Ra is the average of all the 
concaves and conveys absolute values resulted due to machining and that deviated 
from the new non-machined surface (Figure 2.7). The Ra value is given by the 
following equation 2.24: 
Ra= 
1
𝐿
 * ∫ |𝑦(𝑥)|
𝐿
0
 dx                                                                                 (2.24) 
Which: 
L: is the total path length of the machined surface sample, y: is the concaves and 
conveys average values at the mean line as shown in Figure 2.7. 
This surface roughness factor has major effects on the functionality of the machined 
components during their service life, as this factor controls the friction values between 
the contacting surfaces [76, 77]. Additionally, the surface quality of the machined 
components is represented by the recorded roughness value. Mechanical components 
properties, such as wear and corrosion resistance, friction, strength and fatigue, are 
affected by the surface finish [78]. Consequently, superior machining could be 
achieved by studying, identifying and optimising the surface finish properties [79]. 
Multiple procedures can be used to calculate the roughness level and the arithmetic 
mean value is the most often used [80]. Optical interferometers, profilometers and 
atomic force microscopes are typically used for measuring the roughness of the 
machined components and surfaces [81]. 
2.3 Introduction to milling 
Milling is a cutting process in which the chip is removed along the workpiece axis 
using more than one cutting edge, as shown in Figure 2.8. As a result, multiple chips 
are formed when a cutting tool of multiple cutting edges completes one rotation during 
the cutting process. The workpiece is fixed on the milling stage, which can move in 
various axes while the cutting tool is attached to the spindle of the machine that moves 
perpendicular to the workpiece movement axis. The cutting speed parameter in milling 
is defined by the cutter rotation speed (provided by the spindle rotation) while the feed 
rate parameter is the workpiece movement (per cutting tooth) against the cutter.  
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Figure 2.8 Milling operation [82] 
The depth of cut parameter in milling is called the axial depth, which is in the same 
direction as the cutter axis [83]. The most common types of milling are the end and 
face milling operations. During the milling operation, vibration during the cutting 
process is likely to occur. Because the cutting process is performed with a tool with 
multiple cutting edges, the cutting process in milling is discontinuous.  
 
 Figure 2.9 Typical cutting force curve per one cutter revolution in milling  
This discontinuity in the cutting process produces a repeated cyclic load on the cutting 
edges during the cutting. This cyclic load affects the values of the recorded forces 
within one cutting revolution. For example, the force values reach their maximum 
when the cutting edge engages the material while the force values drop to zero when 
the cutting edge departs the material and removes the chip.  
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This force values variation within one cutting revolution promotes vibration and 
chatter that inversely affects the surface integrity of the machined material [84]. A 
typical cutting force curve during milling of a material is shown in Figure 2.9 [85]. 
2.4 Introduction to turning  
Unlike milling, turning is a process where a continuous cutting process is performed 
under a single cutting edge. Therefore, turning of a material can form a continuous and 
long chip, which is undesirable in machining due to hard chip disposal. The workpiece 
is clamped and fixed by the jaws of the machine whereas the cutting tool is fixed by 
the tool holder. The machine jaws are responsible for rotating the workpiece around 
the workpiece longitudinal axis. However, the cutting speed parameter in turning is 
defined by the workpiece rotation speed. The feed rate is the cutting tool movement in 
a direction parallel to the longitudinal axis of the workpiece whereas the depth of cut 
is in the cutting tool longitudinal axis as shown in Figure 2.10 [86]. Although the 
cutting process is executed under a single cutting edge, vibration may occur. 
According to Schmitz and Smith, vibration in turning results from the cutting forces 
and the mass and stiffness of the cutting tool [85]. 
 
Figure 2.10 Turning operation [86] 
Vibration starts when the cutting edge contacts the workpiece at the beginning of the 
cutting process. The generated cutting forces influence the geometry of the cutting tool 
and lead to increased vibration. A typical cutting force curve during turning of a 
material is shown in Figure 2.11. 
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Figure 2.11 Typical cutting force curve per one cutter revolution in turning 
2.5 Research on the machinability of stainless steel alloys 
This section reviews some of the previous studies conducted on alloys in the field of 
machinability. However, machinability studies have not been conducted on the AL-
6XN alloy. Therefore, research on the machinability of difficult-to-machine alloys, 
such as austenite stainless steel alloys, is reviewed in this section.  
Machinability aspects, such as the cutting forces, surface roughness, surface 
microhardness, chip formation and tool wear, have been studied to analyse and assess 
the machinability of materials. Machinability test was conducted by Naves et al. on 
the 316 alloy and they investigated the wear mechanism of the cutting tool when 
turning the alloy using dry and wet environments [87]. When the coolant was applied 
in a wet environment, the tool wear decreased to 0.21 mm due to the small length of 
the contact area between the tool and the workpiece. Flank and crater wear were 
recorded at their maximum values of 0.4 mm when the alloy was machined without 
applying coolant.  
Özbek et al. evaluated the wear of treated and untreated cutting tools when turning the 
316 alloy in a dry environment with selected cutting parameters [70]. There was 
formation of flank and craters on the edges of the cutting tools regardless of the values 
of the applied cutting parameters. Furthermore, the applied treatment on the cutting 
tools increased the hardness of the tool surface and formed carbides that improved the 
wear resistance and thus reduced the overall wear.  
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The maximum flank wear for the untreated and treated cutting tools of 0.11 mm and 
0.08 mm, respectively, were recorded at high cutting parameters such as cutting speed 
of 160 m/min, feed rate of 0.15 mm/rev and depth of cut of 2.4 mm. 
Machinability of 316 alloy was assessed by Hansda [88]. Researcher focused on 
evaluating the cutting tool life and chip morphology during a dry turning process. 
Three cutting speeds of 100, 150 and 200 m/min were selected with a depth of cut and 
feed rate of 1 mm and 0.2 mm/rev, respectively, to perform the cutting process. The 
flank wear was found to increase whenever the cutting speed increased. Maximum 
flank wear was acquired by using a cutting speed of 200 m/min. The chips had a yellow 
colour, and this colour was not affected when the cutting speed values varied. The 
cutting speeds had effects on the shapes and thicknesses of the chips. However, a 
cutting speed of 200 m/min produced continuous chips of small thickness. According 
to the research, cutting speeds of 100 and 150 m/min were recommended for 
machining the 316 ASS. 
The adequate cutting parameters for turning the AISI 304 alloy without applied coolant 
were determined by Korkut et al. [89]. The surface roughness and the wear of the 
cutting tool were observed with respect to the effect of the cutting speed. The cutting 
conditions used in turning the alloy were three cutting velocities of 120, 150 and 180 
m/min, a depth of cut of 2.5 mm and a feed rate of 0.24 mm/rev. The observations 
revealed wear of only 0.3 mm, which was associated with a low roughness value at a 
cutting speed of 180 m/min. Furthermore, flank wear was found at its highest value 
(0.4 mm) when a cutting speed of 120 m/min was applied. Due to the low thermal 
conductivity of ASS, the heat caused during the cutting process was transferred into 
the cutting edge. Heat caused the thermal softening phenomena that, in turn, increased 
the flank wear at low cutting speeds. The high surface roughness value of 2.2 µm at a 
cutting speed of 120 m/min was related to the formation of the BUE and the fluctuation 
in the cutting forces that increased vibrations. The cutting force fluctuation also 
affected the thickness of the chips and resulted in non-uniform chip thickness. 
Abou-El-Hossein and Yahya  studied the behaviour of the AISI 304 alloy during end 
milling to assess the efficiency of the cutting inserts based on the wear and life of the 
cutting tool [90]. Increasing the speed increased the wear of the cutting inserts.  
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High cutting speeds with a high feed rate reduced wear. The tool life at a speed of 150 
m/min was twice the estimated life of the cutting tools used for machining the alloy 
using the other specified speeds. The research recorded the presence of the BUE not 
only during high feed rates but also at cutting speeds of 190 and 225 m/min. 
Consequently, the best life of the inserts of 4300 mm cutting length could be achieved 
at a feed rate of 0.075 and a cutting speed of 150 m/min.  
The machinability of the AISI 304 and 316 alloys was studied by Ciftci [77]. who 
evaluated the surface roughness values, tool wear and cutting forces when dry turning 
at cutting velocities of 120, 150, 180 and 210 m/min, a depth of cut at 1 mm and a feed 
rate of 0.16 mm/rev. The optimum roughness value of 4.25 µm for both alloys was 
reached when the cutting speed was increased from 120 to 180 m/min. However, a 
high cutting speed above 180 m/min reduced the quality of the produced surfaces by 
increasing the roughness value to 5.6 µm.  
A low cutting speed triggered BUE formation on the cutting tool whereas a high 
cutting speed was the main reason for the chipping wear spread. In both cases, the 
surface quality decreased. It was also reported in the same study that 316 had higher 
forces than the AISI 304 alloy when comparing the cutting forces following the turning 
of both materials.  
The surface integrity in terms of microhardness measurements and surface roughness 
of the AISI 316L alloy was studied by Belluco and De Chiffre [91]. A drilling machine 
performed the cutting process with applied coolants and they acquired the maximum 
microhardness value at a distance equal to 15 μm from the machined surface. The 
thickness of the work hardened layer in the machined material was up to 240 μm. 
Researchers suggested that, according to the work hardening and surface roughness 
data, obtaining the optimum surface quality of 0.48 µm and the lowest microhardness 
value is achieved when a proper coolant is selected and applied during the cutting 
process. 
Moussa et al. carried out microhardness measurements and microstructure analysis to 
identify the machined surface cold work hardening during machining of the AISI 316L 
alloy [92].  
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The alloy was cut with a coated carbide cutting tool and a turning machine under 
various cutting parameters. The findings revealed the existence of high microhardness 
values of 500 HV when a high cutting speed (140 m/min) was applied with a high 
depth of cut (0.3 mm). However, the optimum (lowest) work hardening value of 335 
HV was gained when a low cutting speed of 60 m/min and a medium depth of cut of 
0.2 mm were applied during the cutting process. 
A study was conducted by Paro et al. on the X5 CrMnN 18 18 alloy to assess the alloy 
machinability process by analysing chip morphology, tool wear, work hardening and 
cutting forces [93]. The chip cross section indicated the occurrence of severe 
deformation and the presence of shear bands. Also, the chip morphologies changed 
from an arc to a spiral whenever the cutting speed increased. Chipping and tool nose 
failure were detected using a SEM detector. Tool life was found at its maximum value 
(30 min) when a low cutting speed (60 m/min) was used. However, the tool life 
decreased whenever the cutting speed increased and the nitrogen content decreased. 
The work hardening results indicated the formation of a work hardened layer of 170 
µm thickness whereas the maximum microhardness value of 530 HV was recorded 
near the machined surface.  
The recorded cutting forces value were influenced by the nitrogen content and 3.5 kN 
and 2.2 kN were the maximum tangential forces value of alloys having 0.91wt% and 
0.57 wt% N, respectively. Additionally, the cutting forces value increased when the 
cutting speed increased from 60 to 100 m/min for the machined alloy with 0.91 wt% 
N while for the alloy of 0.57 wt% N, the forces were constant and there was a slight 
decrease in the force values at a cutting speed of 100 m/min. 
Jiang et al. observed chip formation, work hardening and tool wear on the heat treated 
AISI 304 alloy [94]. The collected chips after machining were serrated chips, which 
resulted due to inhomogeneous sizes of the deformed grains. Measurements of work 
hardening in the formed chip revealed that the hardened chip was produced due to the 
formation of martensite and twinning. Furthermore, it was also shown that the grain 
size inversely influences the size of the secondary shear zone. A breakage in the cutting 
tool during machining was due to fatigue effects and the plastic deformation that 
created cracks. 
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Machinability trials have been performed by Akcan et al. on AISI 52100 and 4340 
alloys, with deformation layers and chip morphology examined [95]. The formed chips 
after machining were segmented chips with serrated ends. However, there were more 
segments in the formed chips of the AISI 4340 alloy than in the formed chips of the 
AISI 52100 alloy. The cutting tools used to machine the alloys suffered from flank 
wear. The maximum flank wear of 0.3 mm and 0.2 mm were produced when 
machining the AISI 52100 and 4340 alloys, respectively, at a cutting speed of 200 
m/min, feed rate of 0.1 mm/rev and depth of cut of 0.2 mm. 
A milling process was used to test the performance of a multilayer coating insert when 
machine the 316 alloy [96]. A cutting speed of 180 m/min, feed rate of 0.24 mm/tooth 
and depth of cut of 2 mm were the parameters used to cut the alloy. Flank, crater and 
chipping wear were observed on the cutting tool edge. Flank wear was created when 
the tool coating was removed and chipping of the cutting edge occurred during the 
cutting process due to the formation of the thermal cracks. Chipping wear was used to 
estimate the life of the coated insert. 
Machinability of a high performance ASS alloy of 21% chromium content was studied 
by Kim and Park [97]. Researchers measured the cutting forces and monitored the 
wear of the cutting tools during dry turning. The cutting conditions were cutting speeds 
of 100, 130 and 160 m/min, feed rate of 0.3 mm/rev and depth of cut of 1 mm. The 
total cutting forces were reduced when the contents of the added alloying elements (Cu 
and S) were increased. Wear types, such as notch and flank, were observed on the 
cutting edge when a cutting speed of 100 m/min was used. A high cutting speed also 
reduced the tool life and increased the propagation of wear. 
Daud et al. optimised the machinability of the stainless steel and brass workpieces to 
find the optimum surface finish when combinations of cutting parameters were applied 
using milling [98]. The outcomes show an improved surface quality when a high 
spindle speed was used whereas the roughness values remained constant at a low feed 
rate.  
Berkani et al. studied the surface quality of the machined surfaces and cutting tool life 
and machined a bar of AISI 304 alloy using coated inserts and a turning machine [99]. 
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The roughness values were significantly influenced by the cutting time, the feed rate 
and the cutting speed. Rougher surfaces were obtained for long cutting times due to 
wear, as well as high feed and cutting speed. The cutting tool used in the experiment 
suffered from BUE formation and nose wear. The optimum life of the cutting tool was 
estimated based on the formed flank wear, which was equal to 0.31 mm after 44 min 
of machining. Austenitic stainless steel type 1Cr18Ni9Ti was cut using a ceramic 
cutting tool on a turning machine to establish the cutting tool wear and the produced 
surface roughness [100].  
Multiple cutting trials were performed using combinations of cutting parameters: 
cutting speeds of 60, 80 and 100 m/min; feed rates of 0.1, 0.125 and 0.15 mm/rev; and 
depth of cut of 0.1, 0.2 and 0.3 mm. The cutting time of 13 min was the optimal time 
gained when maximum flank wear of 0.6 mm was identified. The feed rate had the 
greatest deleterious effect on the roughness values of the machined surfaces.  
Xavior and Adithan studied the effects of the applied coolant on the quality of the 
machined surface during turning of austenite stainless steel [101]. Wear, surface 
roughness and the cutting forces during machining were analysed. The cutting trials 
were designated based on three cutting speeds, three feed rates and three depths of cut. 
Flank wear was formed during all the cutting trials and using a low feed rate during 
machining improved the quality of the machined surfaces.  
Selvaraj and Chandramohan examined the roughness values during machining the 
AISI 304 alloy with a turning machine [102]. Cutting speeds of 80, 100 and 120 m/min 
and feed rates of 0.08, 0.1 and 0.12 mm/rev and depths of cut of 0.4, 0.6 and 0.8 were 
applied to evaluate the optimum cutting conditions. The highest quality of the 
machined surface was acquired when cutting speed, feed rate and depth of cut of 100 
m/min, 0.08 mm/rev and 0.8 mm respectively were applied.  
Machinability of 316 austenite stainless steel was studied by Çiçek et al. [103]. The 
alloy was drilled without applying coolant. The effects of the spindle speed and the 
feed rate on the quality of the machined surfaces were estimated. The cutting speed 
had a major effect on the surface quality by increasing the surface roughness values 
up to 78%.  
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2.6 Thermomechanical analysis in the cutting shear zone 
Thermomechanical analyses are a type of chip formation study that is used to 
demonstrate the effects of the temperature generated by an external load on the 
material properties [104]. When the cutting edge contacts the workpiece during the 
cutting process, heat and stresses will be induced. If the machined material is 
characterised by low thermal conductivity, then the heat will increase and concentrate 
in the primary and secondary shear zones near the tool tip.  
The generated stresses affect the shear zone and cause high plasticity if the stresses 
magnitude is beyond the elastic limits [105]. As a result, work hardening and plastic 
deformation will be triggered and increased in the cutting shear zones. Consequently, 
the formed chips will have high plasticity and high microhardness compared to the 
original material. This phenomenon will create the BUE and produce different types 
of wear [106]. Attempts to describe the thermomechanical reaction in the cutting shear 
zone of different alloys have been performed.  
Most studies reported a thermomechanical analysis after generating frozen chip root 
samples. These chip root samples reveal the primary and secondary shear zones, work 
hardening region and the chip region. The microstructure analysis, microhardness 
measurements, chip morphology, temperature distribution and residual stresses in the 
chip root samples are the main aspects used to characterise the thermomechanical 
reaction of a machined material. 
Chandrasekaran and Johansson machined four types of high austenite stainless steel 
alloys under various cutting parameters to study the effect of tool wear on the chip 
formation mechanism [107]. The turning process was interrupted and stopped after 
machining 20 mm lengths of each alloy to generate the instant cutting shear zone 
without using a quick stop approach. Surface microhardness in the shear zone and the 
uncut surfaces was measured under a 0.2 HV load.  
The chips had a lamella microstructure that was affected by the applied feed rate. The 
microhardness values were increased in the area near the cutting tool nose due to the 
effect of the work hardening during the cutting process. 
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Dolinšek, studied the influence of the work hardening on machinability of the 321 ASS 
alloy [108]. A quick stop device was attached to the drilling machine to perform a 
sudden interruption to the cutting process. The quick stop technique used to obtain the 
instance morphology of the chips attached to the machined surface. The study aimed 
to locate the work hardened areas and plastic deformation in the shear zone, as well as 
to predict the morphology of the formed chips. However, the increase in work 
hardening could not be avoided in the shear zone. The microhardness also increased 
and reached its highest value near and inside the formed chips. The work hardening 
observations revealed that changing the applied cutting speed had no serious effect on 
the work hardening when drilling austenite stainless steel while the applied feed rate 
should be carefully selected.  
Nomani et al. also used the quick stop technique to create frozen chip roots to study 
the mechanism of BUE formation [109]. A drilling machine was used at cutting speeds 
of 65 and 94 m/min and feed rate of 0.15 mm/rev in the process of generating the 
frozen chips from the machined duplex stainless steel. The austenite phase induces the 
ferrite phase to face the tip of the cutting tool because the ferrite has a lower hardness 
value than the austenite phase. Therefore, the formed BUE microstructure consists of 
the ferrite phase.  
The microhardness values were also measured in the shear zone, work hardened layer 
and the chip region. A significant increase in the microhardness values was noted in 
the primary shear zone and the formed chips. For one machined duplex alloy, there 
was no noticeable change in the microhardness readings when the cutting speed was 
changed. However, comparing the machinability of two different duplex alloys, the 
microhardness values increased whenever the cutting speed increased. 
M'Saoubi and Ryde  used electron backscatter diffraction (EBSD) and X-ray 
diffraction detectors to study the shear zone and the formed chips of different alloys 
[110]. They used a quick stop approach and selected cutting parameters such as a 
cutting speed of 150 m/min, a feed rate of 0.154 mm/rev and a depth of cut of 3 mm, 
and analysed the chip microstructures using the EBSD detector to view the deformed 
regions. The slip lines, dislocations movements binders, were identified within 
deformed grains in the hardened layers.  
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Researchers concluded that the austenite stainless steel had less deformation than the 
other alloys and that low and high deformation zones occurred due to the presence of 
shear localisation. This shear localisation due to the cutting process was the main 
reason for the serrated chip morphology. 
A quick stop technique was used by Yan et al. to generate titanium frozen chip samples 
[111]. Those samples were used to estimate the actual shear strain and strain rate 
within the shear bands and the chip segments of the formed chip depending on the 
metallographic analysis. They developed models to estimate the shear strain and the 
strain rate using the chip morphology of the collected frozen chip sample and 
compared their results with previous studies to validate their model. 
2.7 Finite element analysis in metal cutting 
Finite Element Analysis (FEA) is a numerical technique that identifies the behaviour 
of a finite element system under different load types. Such elements are designed to 
be identical in their properties to the real-time approach [112, 113]. When it is hard to 
analyse the response of a system, such as estimating the displacement, temperature or 
heat flow in a loaded structure subjected to different variables, then FEA can be used.  
FEA works towards resembling solutions for such exposed systems [114]. In FEA, the 
structure will be meshed into small portions (elements), as shown in Figure 2.12 and 
the load is applied to these elements. 
 
Figure 2.12 Elements and nodes in a FE meshed part 
Following this step, an equation that elucidates the physical action of that element is 
obtained. Due to the structure consisting of many elements, each element will have its 
own equation. Furthermore, a system elements are connected to each other by their 
nodes [114]. As a result, the structure will have a group of equations that are used to 
simulate the whole system subjected to a specified load [115].  
Load Load 
Element  Nodes  
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In advanced FEA studies, programs have been developed, such as ANSYS and 
ABAQUS, and these user-friendly programs are used to solve complex issues, such as 
the machinability of materials. In FEA machining studies, different types of strains 
and stresses, temperature distributions, forces, displacements and deformations can be 
detected in order to compare them with the real-time data obtained by machining 
experiments [116]. 
2.7.1 Modelling 
A smooth part of an accurate machined surface is the primary objective of the metal 
cutting process. Therefore, a few portions of the metal are shaped and removed by the 
cutting tool. As a result of this process, the chips form due to the plastic behaviour 
associated with the heat and friction in the tool–chip contact zone [117, 118]. For this 
reason, the cutting process needs to be modelled and simulated to overcome difficulties 
in cutting a material experimentally. Initial models for representing the cutting process 
were conducted in early studies in which the angle of the tool rake face was linked to 
the shear angle by mathematical models [119-122]. Modelling can be defined as a 
creation process used to create an imaginary model that represents an existing system. 
The model is a system expression at a specific time and position that is presented in a 
simple configuration to provide a comprehensive understanding of the complex system 
[123]. The simulation process is widely used to view how manufacturing procedures 
are applied and simulations develop reduce production cost and time and increase the 
quality of the goods [124]. 
2.7.2 Main techniques in describing the FEA setup in metal cutting 
Some techniques convert the setup of real complex cases, such as metal cutting, heat 
transfer and impact tests, into FEA studies. The main techniques are the Eulerian, 
Lagrangian  and the Arbitrary Lagrangian Eulerian techniques [40]. The selection and 
use of these techniques to solve FEA problems depends on the inputs and the properties 
of the real-time case study. For example, the complicity and precision of the obtained 
results will be varied when these techniques are used in same application, such as in 
fluid mechanics to analyse the flow of a fluid subjected to external factors or in the 
manufacturing field where the chip flows on the cutting tool during the chip formation 
mechanism.  
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Consequently, it is important to investigate these techniques and explore their 
properties and applications especially when applied in the manufacturing field 
(machining and metal cutting).  
• Eulerian technique: In this technique, the material elements are not distorted 
during the element flow as the elements are fixed in space as shown in Figure 2.13-
A. For that reason, applying the Eulerian technique in the machining field (chip 
formation studies) is only possible if the prediction of the chip morphology is 
ignored. However, most FEA studies include the material deformation calculations 
during the cutting process as this deformation significantly affects the obtained 
results. The advantages of using this technique can be summarised in the time 
consumption during the analysis because the coefficients and equations need to be 
calculated for only one-time due to there being no distortion in the meshed 
elements. The disadvantages of using this technique in machining field include that 
the boundary conditions should be estimated for the chip during the setup stage of 
the model. This means that the chip morphology must be predefined before 
applying any external loads. However, the chip morphology cannot, in fact, be 
predicted in the setup stage because it is sensitive to several factors. These factors 
are the cutting edge radius and applied cutting parameters, as well as to the 
properties of the material that vary according to the variation in the strain rate, 
strain and temperature values during the chip flow.  
• Lagrangian technique: To overcome the predefinition problem of the chip 
morphology of the Eulerian technique, the Lagrangian technique can be used to 
model chip formation during metal cutting. In this technique, the elements are fixed 
to the material and severely deformed due to the external load when the cutting 
edge penetrates the workpiece to form the chip, as shown in Figure 2.13-B. The 
deformation of the elements means that the element coefficients and equations will 
be calculated in each step, which results in long computation times. Furthermore, 
a meshing refinement process (regeneration) is required to compensate for the 
severely distorted elements. This process converts the coarse elements into fine 
elements in the tool–workpiece contact area (shear zone), which also increases the 
computation time. Simulating the chip formation in metal cutting is a complex 
process when the above two techniques are used.  
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Figure 2.13 Proposed models [67], A- Eulerian B- Lagrangian 
 
However, a new technique called Arbitrary Lagrangian Eulerian (ALE) combines 
the advantages of the above techniques to overcome the chip formation problems 
during the simulation [125]. 
• ALE technique: In this technique, the elements are fabricated to be not fixed in 
the model space and not attached to the material during the chip flow during the 
cutting process.  
In other words, when the cutting edge penetrates the elements of the material, the 
shape of the interior mesh is enhanced due to the mesh arbitrary movement 
whereas the boundaries of the mesh move with the material during flow of the chip 
[126]. 
Mechanical properties of a material in FEA 
The mechanical properties of a material can be used in a FEA study using predefined 
constitutive models. In other words, these models were derived from equations and 
were simplified and converted into FE codes to simulate a real complicated process, 
such as a metal removing process, according to the actual mechanical properties. 
Several models were created and some of these models were modified to include the 
external effects, such as the effect of temperature and heat.  
One of the widely used models in the advanced machining simulation programs, such 
as ABAQUS and ANSYS, is the Johnson–Cook (JC) model [127-131]. This model 
was created by G.R. Johnson and W.H. Cook in 1983 to establish the plasticity of 
materials undergoing a large deformation (high strain, strain rate and temperature) 
[132].  
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The flow stresses are calculated in this JC model using the following equation 2.25 
[133, 134]. 
σ = [A + B (𝜀𝑒
𝑝𝑙
)n ] [ 1 + C ln (𝜀𝑒
˙𝑝𝑙
 /𝜀0
˙ )] (1 −(
𝑇−𝑇𝑡𝑟
𝑇−𝑇𝑀
)m)                            (2.25) 
 1 2 3 
Where: 
𝜀0
˙ , 𝜀𝑒
˙𝑝𝑙
 and 𝜀𝑒
𝑝𝑙
: Reference strain rate, equivalent plastic strain rate and plastic 
strain. 
A, B, C, n and m: yield stress, stress hardening, strain rate sensitivity 
coefficient, hardening coefficient and thermal softening coefficient. 
TM & Ttr: Melting and ambient temperature. 
It can be seen from the equation that the right-hand side of the equation consists of 
three parts. These three parts characterise the behaviour of the material during the 
cutting process. The first part represents the alloy elastic–plastic behaviour, including 
the strain hardening behaviour of the alloy during the cutting process. The second part 
is the viscosity of the alloy while the last part includes the thermal effects, which are 
the temperature and heat generation due to the cutting process. 
2.8 Research on FEA in metal cutting 
Studies have been conducted using finite element analysis (FEA) to model chip 
formation during metal cutting. Klocke et al. evaluated the stress in regard to strain 
and the temperature effect during the simulation process [135]. The JC equation was 
calibrated to predict precise results in terms of chip morphology and the cutting force 
components when modelling the AISI 316L cutting process. The model validation 
illustrated good agreement between the results from the calibrated model and the actual 
experiments. Moussa et al. used the material properties of the AISI 316L alloy in a 
calibrated JC model to calculate stresses according to the applied cutting parameters 
[92]. The FEA results (cutting forces, cutting temperature and chip morphology) were 
compared to experimental results to assess the validation of the calibrated model.  
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Umbrello et al. applied a FEA study to the machinability of AISI 316L stainless steel 
alloy [136]. Five various groups of material constants were used as material inputs to 
estimate cutting forces, residual stresses, temperature distribution and chip formation 
during the simulation process. A correlation between the numerical and experimental 
outcomes was carried out based on the material constants used in the FEA study. They 
recommended that, according to the validation with the experiments, the FEA study 
should be used in the calculations of the residual stresses created by the cutting 
process. 
The effects of the applied cutting parameters as well as the cutting tool geometry on 
machinability of 316L were simulated by Outeiro et al. [137]. The JC model and a 
variety of selected cutting parameters were utilised to present the plastic flow during 
the cutting process. Residual stresses were the main aspects targeted in this 
investigation. Researchers found that the generated residual stresses were increased 
when the cutting parameters applied at high values. Also, research results 
demonstrated that the depth of cut had the biggest influence on the stresses values 
compared to the cutting speed and the feed rate.  
Chagas et al. simulated the machining process of AISI 304 alloy [138]. They 
conducted two simulations based on the scale factor (macro and micro simulation). A 
Johnson-Cook constitutive equation was used in both simulations to represent the 
material plastic behaviour. The stress, strain and temperature values, as well as chip 
formation observation, were obtained through the macro simulation. The micro 
simulation was used to reveal the influence of loads on the morphology and orientation 
of the voids created due to the macro simulation. 
Valiorgue et al. modelled the machining process using AISI 304L alloy and carbide 
cutting tool specifications. Researchers utilised a special model equation to represent 
the flow stresses behaviour when the tool edge contacts the workpiece to remove 
material chips [139]. The outcomes of their research included the estimation of the 
generated residual stresses, which were the consequences of the plastic deformation, 
that affected by the thermo-mechanical load of the cutting tool. 
Chapter 2   Literature review 
 
 
 
44 
 
Ng et al. simulated the cutting of AISI 4340 stainless steel alloy using FEA study and 
ABAQUS software [140]. Equivalent plastic strain, stresses and temperature were 
observed based on the morphology of the formed chips. An error of 13% was found 
between the modelled and the experimental cutting forces during the formation of the 
segment chips. In addition, a non-uniform plastic strain that depended on the shear 
angle value was created on the chips. 
Kumar et al. determined the cutting temperature effects on the machinability process 
during turning of AISI 4340 steel using FEA  by using the JC model to represent the 
alloy plastic behaviour during the cutting process [141]. The study included the 
calculation of the cutting forces, as well as observing the deformation in the workpiece 
when the heat generation is considered during the simulation of the cutting process. 
Silva et al. used a FEA study to simulate the machinability of cellular metals  and 
conducted experimental cutting trials to estimate the cutting forces and the chip 
morphology under various cutting conditions [142]. The outcomes of these cutting 
trials were used to validate the FEA study and good agreement was achieved. 
2.9 Summary 
In this chapter, the literature review emphasised the importance of machinability and 
machining of materials in the manufacturing engineering field. Furthermore, as 
discussed earlier, it is necessary to produce components that resist severe corrosion 
environments using an alternative material with superior mechanical properties, such 
as the AL-6XN alloy, instead of using the conventional 316 alloy. For industrial needs, 
scientific and technological challenges, experts had advised that the AL-6XN alloy 
could be widely used, instead of the conventional austenite stainless steel alloys, to 
improve navy and marine applications but its machinability feature is unknown and 
still not well studied. Also, as mentioned early in section 2.1.1, the AL-6XN alloy was 
developed by the Allegheny Ludlum Corporation Company to replace the 316 alloy in 
applications exposed to harsh environments. When the company official alloy 
machining standards were investigated, those machining standards suggested only 
general guidelines to machine the AL-6XN alloy based on austenite stainless steel 
alloys machining parameters [143].  
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Searching the literature for the AL-6XN alloy machining data did not provide 
satisfactory results as machinability of this alloy has not been investigated previously 
in machining studies. As some of the manufactured components that are made of the 
AL-6XN alloy are used as valves, pipes and pipes fittings in sensitive applications and 
high corrosion environments, it remains necessary to evaluate the machinability of the 
AL-6XN alloy to avoid material failure during the components lifespan.  
The machinability investigation of a material is an important pre-test that is used to 
increase the manufactured components lifespan by eliminating the components 
manufacturing defects and faults that might be presented due to improper machining 
processes. Therefore, there is a gap in the literature regarding evaluation the 
machinability of the AL-6XN alloy using conventional machining operations.  
The gap in the literature with regards to the machinability evaluation of the AL-6XN 
alloy can be summarised in the following question “How is the AL-6XN alloy 
plastically deformed under machining process?”. Since the literature on 
machining studies does not include data on machinability evaluation for the AL-6XN 
alloy, this work aims to compensate for this lack in the literature by conducting a 
machining evaluation on this alloy using conventional milling and turning machining 
operations, chip formation observations and FEA metal cutting modelling, as will be 
explained in Chapter 3. 
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3 Experimental design 
This chapter explains the experiments used to describe and understand the plasticity 
behaviour of the AL-6XN alloy under the machining process.  
In the first section, a series of mechanical tests, including spectrometry test, tensile 
test, hardness test and metallographic analyses, were applied to the AL-6XN alloy. 
These tests were performed on samples extracted from the bulk material. These tests 
are essential to collect sufficient data on the as received AL-6XN alloy that will be 
used later as inputs or reference data in the current work.  
In the second section of this chapter, the machinability characteristics of the AL-6XN 
alloy were studied in terms of evaluating machining aspects, such as cutting forces, 
chip morphology, microhardness measurements, microstructure analysis, tool wear 
and surface texture analysis. These machining aspects were examined with regard to 
the applied cutting parameters and the cutting environment. The machinability 
characteristics study is important for the understanding of the machining behaviour of 
the AL-6XN alloy as the machinability of this alloy has not previously been 
investigated. 
The third section of this chapter assesses the machinability of the AL-6XN alloy. 
Machining trials were conducted on the well-characterised AISI 316 austenite stainless 
steel alloy in machining field. The milling machine, cutting tools, cutting parameters 
and the cutting environment used to machine the 316 alloy were designed to be the 
same as those used to machine the AL-6XN alloy. Cutting forces, work hardening, 
surface roughness, and tool wear were investigated and used for the assessment 
process. Also, a part of the machinability assessment process includes the execution 
of a FEA study on the AL-6XN and 316 alloys. However, the design of this study was 
explained at the last section of this chapter (FEA of machinability of AL-6XN alloy). 
The next experiment, in the fourth section of this chapter, was designed to generate 
frozen chip root samples using a quick stop approach. This study aimed to identify the 
reasons for the machining problems described in the previous sections.  
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Examining the frozen chip root samples may solve the machining problems by 
calculating the microstructure deformation strategy, the plastic strain map ahead of the 
cutting tool, work hardening layer and microhardness map and the temperature in the 
shear zones and chip region in addition to examining the instant wear behaviour of the 
cutting tool during the cutting process. 
Last section in the current chapter executes a FEA study on machinability of the AL-
6XN alloy. The experiment was designed depending on the conditions of the quick 
stop experiment of the previous section. The experiments and the analysis were 
conducted using ABAQUS software. Also, adequate model to describe the plasticity 
of AL-6XN alloy was selected and described. The material properties in the first 
section of this chapter were used as inputs when the FEA study was designed.  
3.1 Material characterization 
3.1.1 Material chemical composition 
The chemical composition of the as received AL6XN alloy has been evaluated using 
spectrometry test. This test was performed using SPECTROMAXx instrument. The 
procedure used for the (OES) that depends on the intensity of the emitted radiation. 
During the test, small piece of the sample was vaporised, as shown in Figure 3.1, by 
applying an arc spark discharge.  
 
Figure 3.1 AL-6XN alloy sample used to reveal the chemical composition 
The vapour included the ions and atoms of the elements within the alloy 
microstructure. These elements have emitted wavelengths of different intensity. These 
wavelengths were measured and compared to the preserved database to calculate the 
chemical composition of the tested material as a percent concentration. The elements 
present in the currently used workpiece are itemised in Table 3.1. 
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Table 3.1 Chemical composition of the as received AL-6XN alloy  
Element C Mn P Mo Cr Ni S Si 
Weight (%Vol) 0.026 0.370 0.044 6.066 21 24 0.002 0.360 
 
3.1.2 Tensile test 
The tensile test was executed on the AL-6XN alloy to measure the alloy mechanical 
properties. The tensile samples were extracted from the base material and prepared 
according to the ASTM E8 standard. Figure 3.2 shows the tensile sample geometry 
and its dimensions.  
 
 
Figure 3.2 Tensile test sample 
 
Figure 3.3 Tensile test experimental setup 
The tensile sample was attached on the INSTRON instrument 30 kN type (5967) as 
shown in Figure 3.3. The sample gauge length was marked with two white dots.  
Bluehill software 
Jaws 
Sensor 
Sample Marks 
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The white dots will be attracted to calculate the extension and the strain values in the 
sample during the test. The sample was inserted between the two jaws of the 
instrument as shown in Figure 3.3. The instrument is controlled and run by the 
interface BLUEHILL software. This software requires inputting the sample 
dimensions to calculate stresses, strain and young modulus. 
3.1.3 Hardness test of the bulk material 
Hardness of a material is the surface resistance to the permanent penetration. Hardness 
of materials can be measured using indentations, scratches and rebound processes 
based on the physical properties of the material. In the current work, the bulk hardness 
of the AL-6XN alloy was measured using Vickers Hardness test which was conducted 
on a Struers Vickers hardness tester machine. The measurements were conducted 
under 0.2 HV load and 10 seconds per reading.  
3.1.4 Microstructure and phases characterization of the bulk material 
The as received AL-6XN alloy microstructure was exposed and examined to reveal 
the microstructure properties such as grains size, grains boundaries and phases. An 
optical microscope was used to image the microstructure of the prepared samples. For 
the optical microscope examination, an electrolytic etching process was preferred to 
reveal the microstructure features rather than using conventional chemical etchings 
because the AL-6XN alloy is characterized by its exceptional corrosion resistance to 
chemicals. However, Electrolytic etching procedure shown in Figure 3.4 was used to 
etch the before and after machining samples. 
From Figure 3.4, the etching system consisted of: 
A- Power supply: The Power supply was utilised to provide the specified voltage 
(3V). 
B- Electrode: The stainless steel rounded bar was used to be the cathode pole in the 
etching system. 
C- Electrolyte solution: This solution consisted of 60% Nitric Acid (HNO3) and 40% 
distilled water (H2O) [144]. 
D- Sample: Each of the base material and the selected deformed samples was used as 
an anode pole to complete the electrolytic circuit.  
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Figure 3.4 Electrolytic etching experimental setup 
The mounted sample was fine grinded used 1200 # sand papers. Then, polishing pads 
of 9, 6, 3 and 1 µm were used according to standard metallography preparation 
procedure to produce clean and smooth surfaces. Each sample then drilled from one 
side to ensure that the wire can be entered and touch the metal. Next step was closing 
and isolating the wire with tape so that the solution cannot penetrate into the sample 
side hole as shown in Figure 3.5. The etching conditions include adjusting the supplied 
voltage on 3V. The sample was quenched in the prepared electrolyte solution and the 
etching time was set to 10 seconds per sample. The quenched samples then washed 
with distilled water (to stop the reactions) and Ethanol to clean dirty surfaces. These 
surfaces were dried and ready for the examination step as will be explained in Chapter 
4. 
 
Figure 3.5 Sample preparation for the electrolytic experiment 
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D 
C 
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3.2 Machinability characterization of AL-6XN alloy 
Machinability test was executed on the AL-6XN alloy using milling operation. A total 
of eight milling trials were performed under a combination of selected cutting 
parameters which included cutting speeds of 100 and 150 m/min; feed rates of 0.1 and 
0.15 mm/tooth; and depth of cuts of 2 and 3 mm. The radial depth of cut in these eight 
milling trials was constant and equal to 16 mm which is the same as the diameter of 
the tool holder. 
Coolant made of phenol-water mixture (1: 10) was applied during machining to 
provide the wet environment. The coolant port was subjected on the cutting tool tip to 
supply the workpiece-cutting tool contact area (shear zone) with the flood coolant 
during the cutting process. Table 3.2 lists the arrangements of the selected cutting 
parameters of the conducted experiments used in machining AL-6XN alloy.  
Machining trials were conducted on 5-axis CNC milling machine (SPINNER U620). 
This machine has specification of spindle power of 15 kW, and a table diameter of 650 
mm. The workpiece of a rectangular block configuration having dimensions of 150 
mm width and 200 mm length was mounted on the milling dynamometer as shown in 
Figure 3.6. 
Table 3.2 Arrangement of the cutting trials to machine the AL-6XN alloy 
Trials 
Cutting speeds 
(Vc)  
m/min 
Feed rate 
(f) 
mm/tooth 
Depth of cut 
(d) 
 mm 
Coolant 
1 100 0.1 2 
on 
2 100 0.1 3 
3 100 0.15 2 
4 100 0.15 3 
5 150 0.1 2 
6 150 0.1 3 
7 150 0.15 2 
8 150 0.15 3 
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Figure 3.6 Machining experimental setup 
Insert type cutting tool-ISCAR HELIDO H490 ANCX 090416PDR, TiCN, TiN coated 
inserts were used for the trials. This cutting tool has dimensions and geometry as 
provided by the manufacturer data as shown in Figure 3.7. This type of the cutting 
insert is used for rough and hard machining applications. The cutting tool holder shown 
in Figure 3.8, where the two cutting inserts were attached, type (H490 E90AZ D16-2-
W16-09) was utilised in this experiment. Each insert has four cutting edges of 0.8 mm 
radius per edge. Each trial was machined under a new cutting edge to maintain a 
constant reference (zero) tool wear condition. 
 
 
Figure 3.7 Dimensions and geometries of milling cutter (cutting tool) 
Milling 
machine 
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Cutting 
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Figure 3.8 Cutting tool holder 
3.2.1 Cutting forces analysis 
The material was mounted on a Kistler 9257b cutting force dynamometer that was 
coupled with a Kistler 16 multichannel charge amplifier for cutting force 
measurement. The kistler multichannel charge amplifier device is shown in Figure 3.9.  
 
Figure 3.9 kistler multichannel charge amplifier device 
Readings were logged and analysed using Dynoware analysis software. Few trials 
were conducted before the actual machining trials and the dimensional accuracy was 
observed to be within the acceptable range. The forces can be measured in X, Y and Z 
directions which shows the loads experienced by the cutting tool and the machine for 
a given set of cutting parameters. Studying the cutting forces for machining operations 
is important as it helps designing cutting tools to minimize distortion of the machine 
components, maintain the desired dimensional accuracy of the machined part, to help 
in selecting appropriate tool holders and work holding devices; and to ensure that the 
workpiece is capable of withstanding these forces without excessive distortion [3]. The 
major cutting forces encountered in the X and Y axes in each trial were taken into 
consideration. As it is a milling operation, the force along the spindle axis (Z) exists 
with a low value.  
1st cutting 
insert 
2nd cutting 
insert 
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Figure 3.10 Cutting forces components 
The spindle force has been considered constant and statically negligible for all the 
cutting trials. Therefore, the forces encountered in this work are the feed force (Fy) 
(measured along the Y axis) and the normal force (Fx) (measured in the normal 
direction to the feed) as shown in Figure 3.10. The obtained cutting forces value were 
post processed and filtered to get the required signal as will be explain in detail in 
Chapter 4.2.1. 
3.2.2 Chip morphology 
Investigation the chip morphology indicates the behaviour of the material when it is 
being machined and processed. ASS are characterised by their ductile behaviour, low 
thermal conductivity and high work hardening; therefore, serrated and segmented 
chips will form with a varied degree of serration based on the applied cutting 
conditions [145]. Chips were collected after each trial and cleaned using ethanol and 
acetone to remove dirt. The chips were mounted on the SEM sample holder to be 
examined under SEM Secondary Electron (SE2) detector. The SEM used for this 
experiment, shown in Figure 3.11 was a Zeiss Supra 55VP. The main settings applied 
to capture the images of the formed chips were 20 kV voltage, 10 mm working 
distance, 60 µm aperture size and high current mode On. Some of the chips were saved 
for estimating the alloy serration degree which is an indicator used in evaluating 
machinability of materials. These chips were mounted in polyfast mounting powder 
using hot mounting machine. Next, the samples were polished up to 1 µm to reveal the 
chips cross-section surfaces which were used later to evaluate the alloy serration 
degree during machining process. 
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Figure 3.11 Scanning electron microscope 
 
Figure 3.12 Sketched cross section of a serrated chip and the locations of hmax 
and hmin in the serrated edge 
According to Koyee et al., the serration degree H of the chip is the value of the chip 
peak thickness hmax divided by the chip valley thickness hmin [146]. A continuous chip 
will form during machining if the H value is equal to one, whereas higher H values 
result in higher serrated chips. 
Figure 3.12 shows a sketched cross section of a serrated chip and the locations of hmax 
and hmin in the serrated edge. All the gained results from this investigation test were 
explained and discussed in Chapter 4.2.2. 
3.2.3 Work hardening measurements in the machined surfaces 
A microhardness measurement test was performed on the AL-6XN alloy using a 
Vickers microhardness device.  
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hmin 
Applying the 
adequate 
settings 
Chamber 
view using 
CCD camera 
A B 
Vacuum 
chamber 
Chapter 3  Experimental design 
 
 
 
56 
 
A Vickers hardness test is preferred for estimating the microhardness in tougher 
metals, those with a limited surface area or those in a particular phase, owing to the 
shape of its indenter [147]. All the samples subjected to the microhardness test were 
polished with standard polishing procedure up to 1 µm to gain shiny and clean surfaces 
without any defeats as shown in Figure 3.13.  
 
Figure 3.13 Extracting the machined samples cross-sections 
The microhardness test was applied to measure the microhardness values in the cross 
section of the machined samples. This test is applied by researchers to locate the depth 
of the generated work hardening layer due to machining process. The polished sample 
microstructure was exposed under the indenter to be ready for the microhardness 
measurement step.  
The applied load was adjusted to 0.2 HV during the test and all the measurements were 
recorded and analysed in Chapter 4.2.3. These microhardness values were then used 
to calculate the work hardening and the work hardening tendency (percentage 
increase) in the cross-section surfaces of the before and after machining samples.  
The microhardness measurements of the after-machining samples began at a position 
near the top machined surface and eight positions below this were selected. A step of 
5 μm between any two positions in the Y-direction was nominated whereas three 
readings were recorded in the X-direction at each position to ensure precision, as 
shown in Figure 3.14. 
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Figure 3.14 Estimation of the positions for the microhardness measurements in 
the work hardened layer 
3.2.4 Metallography analysis of the work hardened layer 
Metallography analysis was conducted on the produced work hardened layers. A SEM 
Zeiss Leo 1530 microscope, which has parts similar to the parts of the SEM that was 
shown in Figure 3.11,  was utilised to inspect the microstructure of the machined 
surfaces cross sections. A SE2 detector was utilised to observe the microstructure in 
the cross-sectional surfaces.  
The microstructure of the AL-6XN alloy was investigated in the before and after 
machining samples. The cross section of the sample was extracted from each cutting 
bay to locate the deformation layer generated after the cutting process. An EBSD 
detector was utilised to reveal the deformation within the subsurface grains. The 
procedure for the EBSD analysis included application of 20 kV voltage, high current 
mode On, 60 μm aperture, 176 mm EBSD detector insertion and 4 × 4 binning mode.  
The EBSD samples were polished up to 1 µm, then Oxide Polishing Suspensions 
(OPS) was applied as a final polishing step to eradicate all the micro scratches. The 
sample was attached to the stage and tilted to a 70° angle and sample scan was run. 
HKL Channel 5 software was utilised to reduce any noise in the created map and to 
produce maps of the deformed layer. The HKL Channel5 software is an EBSD post 
processing software provided by the Oxford-instruments company.  
The HKL Channel5 software includes four sub software such as Tango, Salsa, Mambo 
and twist. The main software used in the current work to analyse the EBSD maps was 
the Tango.  
Machined 
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Tango software has features in post processing EBSD maps such as reducing the maps 
noise, adding and removing components from the maps, analysing the indexed grains 
(length, area, diameter, shape, boundaries), the ability to calculate the misorientation 
angles between grains and annealing twins. Also, the Tango software has a built-in 
library which includes feature that could be added to the maps during the post 
processing stage such as the boundaries of phases, grains, sub grains and special 
boundaries.  
3.2.5 Tool wear analysis 
A SEM was used to inspect the edges of the cutting inserts that machined the AL-6XN 
alloy. The applied electron microscope settings were 20 kV, 10 mm working distance, 
high current mode on, and 60 µm aperture size. The cutting tools used for the scanning 
process were washed by ethanol and dried to remove dirt. These tools were then 
mounted on the SEM stage and vacuumed at high pressure to avoid electron beam 
scattering during scanning.  
A SE2 detector was used in this work to scan all the cutting insets. The gained results 
were used to identify wear types and mechanism regarding to the applied cutting 
parameters and to the alloy physical properties. Also, the optimum cutting tool life was 
calculated regards to the common located wear on the edges of the cutting inserts. 
3.2.6 Surface texture analysis  
A surface texture analysis was conducted on the faces of the machined surfaces of the 
eight cutting trials. The surface texture was analysed based on the surface roughness 
factor and the microstructure of the machined surfaces. Because the surface roughness 
is a critical factor which is easily affected by the other machining aspects and the 
cutting parameters, three locations on the machined alloy were selected to calculate 
the surface roughness values. Also, the microstructure of the machined surfaces at 
these three selected locations were examined under SEM detector to search for any 
machining damages. The yellow arrows in Figure 3.15 refer to the direction of the 
cutting for each trial. Samples were extracted from each bay and from three selected 
positions (start, middle, and end of machining). These positions refer to the location 
of the cutting edge during the machining process.  
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Figure 3.15 Three selected positions to calculate the surface roughness values 
The extracted samples were cleaned, dried, and decontaminated under vacuum in order 
to be inspected under the lens of the profilometer and the SEM detector. 
Surface roughness measurement using optical profilometer 
Alicona InfiniteFocus (AIF), which is run by IF-MeasureSuite 5.1 software was used 
to measure the surface roughness of the machined components, the profile, the form, 
and the wear of the cutting tools in 3 and 2 dimensions (3D and 2D) view. The 
instrument, shown in Figure 3.16, consists of three main parts: monitor, scanning area, 
and the controlling joystick. 
 
Figure 3.16 Alicona InfiniteFocus profilometer 
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The monitor displays the controlling panel which includes brightness, contrast, lens 
selection and the post processing controlling elements. The scanning area consists of 
the column that carries the micro lens and the stage that supports and settles the sample 
to avoid any accidental movements. The joystick is used to provide a movement to the 
mounted sample in 4 directions (left-right-forward-backward). Also, when the 
required spot is selected on the scanned surface, the joystick moves the lens up or down 
to apply the focus variation process. More information on the instrument working 
procedure, controlling system, instrument parts, technical specifications (taken from 
the instrument official website and listed in Table 3.3) and software runs the instrument 
are found online in [148]. The focus variation procedure, is the AIF fundamental 
working process, measures the coordinate depth of the scanned edge precisely. This 
optical profilometer measured the non-uniform depth on the surfaces and the cutting 
edges caused due to the cutting process.  
The machined samples were mounted on the stage and scanned by the optical lens of 
the profilometer. Roughness measurements were then executed on the scanned 
machined surfaces. All the readings were recorded in two directions (Figure 3.17-A 
and B): longitudinal (perpendicular to the machined grooves) and lateral (parallel to 
the machined grooves).  
 Table 3.3 AIF technical specifications 
Measurement 
principle 
Non-contact, optical, three-dimensional, based 
on Focus Variation 
Positioning volume 
(X x Y x Z) 
100 mm x 100 mm x 100 mm = 1000000 mm3 
(optional: 200 mm x 200 mm x 100 mm = 
4000000 mm³) 
Objective 
magnification 
10x 20x  
Working distance 17.5 19 mm 
Vertical resolution 100 50 nm 
Min. measurable 
roughness (Ra) 
0.3 0.15 µm 
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Figure 3.17 Roughness measurement direction, A- Longitudinal, B- Lateral 
Figure 3.17-A shows the line path used to evaluate the roughness values which was 
drawn in a perpendicular direction to the lines of the machining grooves whereas the 
Figure 3.17-B shows the line path in parallel direction to the machining grooves. When 
the scanning process completed, the machined surface can be viewed as a 2D and 3D 
surface to show the depth of the machining bays as shown in Figure 3.18-A and B. 
Afterward, a line was sketched across the machining bays or grooves in order to 
generate relation between the depth and the path length as shown in Figure 3.18-C. 
 
Figure 3.18 Representation of the scanned machined surface by the AIF optical 
lens, A- 3D view, B- 2D view, C- Roughness values for a given path length 
Inspection of the machined surfaces using SEM 
A SEM was used to inspect the surface microstructure of the machined alloy (upper 
machined face).  
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A B 
C 
Longitudinal 
direction 
Machining 
grooves Lateral direction 
Machining 
grooves 
Chapter 3  Experimental design 
 
 
 
62 
 
The applied electron microscope settings were 20 kV acceleration voltage, 10 mm 
working distance, high current mode (On), and 60 µm aperture size. Also, the specimen 
chamber was vacuumed at high pressure and kept in this vacuum mode during the 
scanning process in order to prevent the electron beam scattering when the surfaces 
were scanned using a SE2 detector.  
Minor cracks and distorted and deformed zones were identified on the machined 
surfaces as will be explained in the results section. The size of these cracks and their 
relation to the applied cutting parameters were explained in Chapter 4.2.6. 
3.3 Machinability assessment of AL-6XN and AISI 316 alloys 
In this experiment, machinability of 316 austenite stainless steel alloy was conducted 
to assess the machinability of AL-6XN alloy. The cutting forces, surface roughness, 
work hardening and tool wear measurements were calculated. The FEA cutting models 
of the AL-6XN and 316 alloys were designed and built in section 3.5.4. The 316 alloy 
has a chemical composition tabularised in Table 3.4. 
The design of experiment used in this study to machine the 316 alloy was similar to 
the designated experiment used to machine the AL-6XN alloy in section 3.2. For 
instance, the 5-Axis CNC milling machine type SPINNER U620 was utilized to 
perform the cutting process. Also, dynamometer type Kistler 9257B was attached to 
the machine table to measure the machining forces.  
The cutting tools utilised to cut the 316 alloy were also ISCAR HELIDO 490-09 
inserts. The cutting process were executed under wet environment and eight milling 
trials were produced according to the same applied cutting parameters which are listed 
in Table 3.5. 
 
Table 3.4 AL-6XN and 316 Alloys chemical compositions 
Weight (%Vol) Cr Ni Mo N C Si Mn S P 
AL-6XN 21 24 6.066 0.14 0.026 0.36 0.37 0.002 0.044 
AISI 316 17.2 12.1 2.3 < 0.08 0.05 0.68 1.33 0.011 0.045 
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Table 3.5 Designation of the cutting trials to machine the 316 alloy 
Trials 
Cutting speed (Vc )  
m/min 
Feed rate (f) 
mm/tooth 
Depth of cut (d)  
mm 
Coolant 
T1 100 0.1 2 
On 
T2 100 0.1 3 
T3 100 0.15 2 
T4 100 0.15 3 
T5 150 0.1 2 
T6 150 0.1 3 
T7 150 0.15 2 
T8 150 0.15 3 
 
Cutting forces: the cutting forces measured during machining 316 alloy were the feed 
forces (Fy) and the normal force (Fx) (see Figure 3.10). The recorded forces were 
filtered and the main forces value at Steady State Stage (SSS) of the cutting process 
were used for the assessment study. 
Surface roughness: the surface roughness of the 316 alloy machined surfaces were 
measured at the three selected positions (see Figure 3.15). AIF instrument was 
employed to measure all the roughness values at these positions. The measured 
roughness values were compared to the roughness values of the machined AL-6XN 
alloy for the assessment purposes. 
Work hardening: the work hardening due to machining process was measured for the 
316 alloy beneath the machined surfaces. samples were extracted from each machined 
surface and the cross sections were revealed, grinded and polished up to 1 µm. These 
polished cross sections were subjected to Vickers microhardness under 0.2 HV load to 
measure the variation in the microhardness values with respect to the depth from the 
machined surfaces and the applied cutting parameters (see Figure 3.14). 
Tool wear: the cutting tools edges that used to cut the AL-6XN and 316 alloys were 
scanned under the optical lens of the AIF instrument.  
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The cutting insert was fixed on the stage of the AIF device and profile measurements 
analyses were conducted to reveal the geometries of the cutting edges. This process 
was used in a previous machining study conducted by Krolczyk et al. [149]. The 
changes in the geometries of the cutting edges due to the impact of the tool wear were 
revealed as profiles. Wears such as FW, CW and chipping results in curve concavity 
profile while the BUE produces a convexity curve of sharp edges on the profile. The 
outcomes of this experiment were compared to the gathered profiles of the cutting tools 
used to machine the AL-6XN alloy to conduct the assessment study. The benefit of 
using an optical imager for imaging the profile of the cutting tool is obtaining precise 
measurements without causing any surface damage, as with other methods, where the 
tool must be sectioned, prepared, and scanned by SEM and where the profiles can only 
be approximately calculated [150, 151].  
The brightness, contrast and focus variation on the scanned edge are the main factors 
that controlling the scanning quality of the profilometer. Other studies suggested 
measuring the wear and the edge profile of the cutting tool using predicted or 
developed theoretical models, simulation software and edges scanned 2D images [151-
155].  
However, there still some percentage difference and deviations values between the 
results gained by the theoretical models and the manufacturer data. Lim, and Ratnam 
used theoretical models, special scanner device and Alicona 3D optical profilometer 
to evaluate the wear and the edge profile for cutting tools of different radii [156]. There 
results confirmed that in most of the measurements, the radii values scanned by using 
Alicona profilometer were closer to the recorded radii values in the manufacturer data. 
Therefore, Using Alicona profilometer for scanning the cutting edges of the cutting 
tools to establish the profiles forms was preferred in this work. 
The relationship between the geometry of the cutting edges and effects of the cutting 
parameters, as well as with the generated wear and BUE, could be analysed throughout 
the profile measurement study. Figure 3.19 shows a scanned edge of the new cutting 
tool that will be used in machining the AL-6XN alloy. Measurement is applied through 
the dragged line from the flank-tip-rake face as shown in Figure 3.19. 
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Figure 3.19 Cutting tool edges and the dragged path to calculate the output 
profile 
3.4 Chip formation study in machining AL-6XN alloy 
The chip formation study was used to investigate the thermomechanical behaviour of 
AL-6XN alloy in the primary shear zone. In this experiment, the microstructure 
deformation, plastic strain, work hardening behaviour and temperature measurements 
were calculated. These calculated factors aid to assess machinability of AL-6XN alloy 
when their effects are linked to the wear of the cutting tool. Consequently, 
machinability of AL-6XN could be understand by linking the outputs of this chip 
formation study to the outputs of the previous experiments in this chapter and to the 
outputs of the next experiment in section 4.5. The AL-6XN alloy used in the physical 
experiments in turning trials was in round bar form, used in as-supplied condition in 
Ø40-mm diameter. An explosive type quick stop device was mounted to a HAFCO-
METALMASTER CL-38 machine lathe as shown in Figure 3.20.  
 
Figure 3.20 Mounted quick-stop device on the lath machine 
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Table 3.6 Arrangement of the cutting trials for the chip formation study 
Cutting speed (Vc) 
m/min 
Feed rate (f) 
mm/rev 
Depth of cut (d) 
mm 
65 0.2 1 
94 0.2 1 
 
Cutting was performed under dry cutting environment at two cutting speeds, 94 and 
65 m/min, while the feed rate and depth of cut were maintained at 0.2 mm/rev and 1 
mm. These cutting parameters were arranged and listed in Table 3.6. 
Titanium carbon nitride and alumina coated solid carbide inserts were used. These 
were manufacturer type ‘WNMG-TF IC 8150’ consisting of double sided trigon, 0° 
flank and TiCN + Al2O3 + TiCN + TiN coating layers. 
3.4.1 Quick stop approach setup 
The quick stop device used to generate the frozen chip roots samples has a geometry 
consisted of three major parts (shooter gun, pivoting rod and shearing pin) as shown 
in Figure 3.20. The pivoting rod was used to fix the quick stop on the lathe stage. The 
shooter gun (captive bolt gun) was utilised to provide the bolt with a sufficient linear 
speed higher than the linear speed of the workpiece as reported in previous studies 
[109, 111]. When the bolt breaks the shearing pin, the broken pin interrupts the cutting 
process by moving the cutting tool holder away from the workpiece to create the frozen 
chip root. 
3.4.2 Collection & preparation of the chip root samples for SEM and EBSD 
analysis 
Frozen chip root samples shown in Figure 3.21-A and B were cut away from the 
workpiece and prepared for electron microscope analysis by hot mounting under 
Polyfast and diamond polished to 1 μm using standard metallographic procedures 
(Figure 3.21-C). The polished samples were subjected to metallography investigation 
by using SEM detectors. The most important settings applied were the 10 mm working 
distance, high current mode on, 20 kV voltages and 60 μm aperture size. 
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Figure 3.21 Extraction of the formed chip root, A- Frozen chip, B- Cutting of 
the frozen chips, C- Metallography prepared chip root samples 
A Zeiss Leo 1530 Electron Microscope was used to execute the EBSD maps of the 
shear zones to evaluate the localised plastic strain. The most important settings were 
the same as were used in the Supra electron microscope. The EBSD detector settings 
were 176 mm insertion distance and 70° sample tilting angle. The data acquired from 
the scanning process were post-processed using HKL Channel5 software, which 
enables the user to identify the locations and quantities (if any) of multiple phases 
within a microstructure as shown in Figure 3.22. As explained before, the HKL 
Channel5 software is an EBSD post processing software that reduces the maps noise, 
adds and removes components from the maps, analyses the indexed grains length, area, 
diameter, shape, boundaries as shown in Figure 3.22.  
 
Figure 3.22 HKL Channel 5 software 
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3.4.3 Strain measurements in the frozen chip root samples 
Electron backscatter diffraction analysis was run on the chip root samples in order to 
evaluate the localised plastic strain in the microstructure and to compare the results 
with the FEA study during the validation process in Chapter 4.5.5. Two EBSD 
analyses were executed per each chip root sample. The first EBSD analysis was run 
on the entire chip root area, whereas the second analysis was executed on the primary 
shear zone. Due to severe deformation in the chip root microstructure, indexing 
difficulties increased whenever scanning reached the shear zone near the tool tip where 
the dislocations accumulated. Therefore, strain measurements were calculated for the 
indexed area. The strain was calculated with respect to the variation in the grains areas 
[157, 158]. The EBSD mapping data were post processed using HKL Channel5 
software in order to identify and measure grain area. The strain was then calculated 
according to the following equation 3.1: 
True strain = ln (A0/Af)                                                                               (3.1) 
where A0 is the area on the undeformed grain and Af is the area of the deformed grain. 
3.4.4 Work hardening evaluation in the frozen chip root samples 
The work hardening evaluation was conducted on the frozen chip root samples to 
reveal the change in the microhardness values during the cutting process. The 
measurements were conducted in the primary and secondary shear zones, chip region 
and sub surfaces.  
Vickers microhardness measurement was utilised to calculate the hardness in the 
microstructure of the frozen chip roots samples. The measurements were executed 
under a load of 0.05 HV. This small load was selected to generate small indentations 
on the cross-section surfaces. The boundaries of the work hardened layers can be 
specified when the microhardness values were compared to the hardness value of the 
bulk material.  
3.4.5 Temperature measurements in turning AL-6XN alloy 
Temperature measurements during the cutting process were calculated using an 
infrared thermal camera (IF camera). Thermal imagers are devices that calculate the 
emitted infrared energy from heated objects and convert this into a thermal picture.  
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Table 3.7 The inputs values used in the TIM connect software 
Emissivity 0.28 
Temperature range °C 125-900 
 
Thermal camera type Micro Epsilon’s Thermo-IMAGER TIM 160 was used for 
temperature recording during the cutting process. This thermal camera can measure 
temperature within the range -20 to 900 °C. The infrared camera was controlled using 
the thermal imager TIM connect software (Release.2.9.2147.0). The camera, shown in 
Figure 3.23, was attached to the lathe facing the cutting tool and the workpiece contact 
zone. The input values used in the TIM connect software are the emissivity and the 
temperature range which are listed in Table 3.7. 
 
Figure 3.23 Setup of the infrared thermal camera 
When the cutting process was started, the cutting temperature was recorded and 
measured for 20 seconds at SSS during the cutting process. These measurements were 
repeated five times per trial to ensure precision, and the average temperature values 
were used during the analysis stage. 
3.4.6 Tool wear investigation in chip formation study  
The cutting tool used in the quick stop experiment were scanned using an SEM 
detector. Rake edge, flank edge, and the tool nose were scanned to reveal various wear 
types. In this work, a new cutting insert was used per trial to sustain zero reference 
tool wear condition during the measurements.  
Cutting tool 
Workpiece IF Camera 
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The benefit of studying the wear of the cutting tool in this experiment is to explore the 
wear effects on the microstructure, plastic strain, and the work hardening behaviour of 
the frozen chip root samples. 
3.5 FEA of machinability of AL-6XN alloy 
The finite element (FE) analysis was performed using ABAQUS 6.14-1 software to 
simulate the cutting process during machining AL-6XN alloy. In this simulation, a 2D 
model was built to locate and measure stresses, plastic strain, the temperature of the 
cutting process and the residual stresses beneath the cutting tool. In this modelling, 
simulation of the AL-6XN alloy real microstructure was considered and the model 
setup including the applied boundary conditions were imported from the previous 
experiment in section 3.4. 
3.5.1 Meshing the AL-6XN alloy microstructure using OOF2 software 
The alloy microstructure obtained using the EBSD analysis was exported to Object-
Oriented Finite element analysis software (OOF2) (v. 2.1.12) in order to create the 
mesh. OOF2 software is free software provided by the National Institute of Standards 
and Technology. The software is used to read and simulate the real image of a material 
microstructure [159]. Recently, the software was used in the machining field to 
simulate a two phase metal cutting process [160]. OOF2 helps to create a real meshed 
microstructure instead of building a traditional meshed model using ABAQUS 
software drawing tools.  
The EBSD microstructure image of the workpiece were coloured in two colours: white 
(grains) and black (grains boundaries). The reason behind colouring the image is that 
the OOF2 software has the ability to define and recognise the alloy phases, grains and 
grains boundaries from their colours. When the selection process of the grains and the 
grain boundaries were finished, the elements within each part were accounted and 
assigned later to the meshed parts separately. The meshing process was started and 
repeated as iterations until the adequate size of the elements is reached. Uniform mesh 
size was created first across all the microstructure image regardless of the size of the 
grains and the grain boundaries, then the mesh size starts to change after few iterations 
(more information on the mesh size and meshing iteration procedure are found in 
[161]).  
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The mesh size and type (triangle or rectangle) were automatically generated according 
to the meshed part size. In other words, rectangle shaped meshed elements were 
created inside the grains whereas fine triangle shaped meshed elements were found 
inside the grain boundaries due to their small size compared to the grains size. After 
completing the meshed parts, these meshes were exported to be used in ABAQUS 
software where the material properties were assigned to the grains and the grains 
boundaries using section assignment tool as shown in Figure 3.24. The benefit of using 
a meshed microstructure during the simulation is to identify the real deformation 
(which is reflected in the stress, strain, and temperature values and their distribution) 
in the workpiece microstructure ahead the cutting tool tip. 
 
Figure 3.24 Modelling the real microstructure of the AL-6XN alloy, 
Microstructure EBSD band contrast map (on the left), Meshed real 
microstructure (on the right) 
The resulting meshed model obtained from OOF2 was exported as an orphan mesh to 
ABAQUS in order to complete the model setup and apply the boundary conditions as 
well as the cutting parameters. The total number of the elements created in OOF2 was 
73,965. These elements consisted of 34,401 CPE4RT four node plane strain thermally 
coupled linear quadrilateral, bilinear displacement and temperature, reduced 
integration and hourglass control inside grains elements. This type of element is used 
with the selected Temp-Displacement dynamic explicit step to include the thermal 
effects, which are generated due to the cutting process, on the stress and strain values. 
The remaining 39,564 elements were three-node plane strain thermally coupled 
triangle, linear displacement and temperature and located within and around the grain 
boundaries. It should be mentioned that the behaviour of the grain boundaries could 
be similar to the behaviour of amorphous materials, and cohesive element-type 
COH2D4 might be more suitable during the simulation and would enhance results.  
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As mentioned before, the imported meshed microstructure is an orphan mesh. The 
element types within this orphan mesh were limited to the elements used in the current 
work. In addition, the cohesive elements do not consider the temperature 
measurements and this is also proved and mentioned in [162].  
The convergence in FEA results, where the output values were not significantly 
influenced by reducing the element size for a constant input cutting speed value, 
existed when the currents element size of the mesh utilized in these simulations were 
selected. In other words, decreasing the element size lower than the current utilised 
size had no significant change on the FEA results. One of the mesh techniques applied 
in this simulation to get better results for the FEA was the element deletion. In this 
technique, elements are removed when the per-defined damage criterion is achieved. 
The definition of the damage criterion is explained in detail in the next section. 
However, chips are formed due to the deleted elements at the shear zone when the tool 
edge penetrates the workpiece. This element deletion technique is commonly used by 
researchers, in machining field, when simulating the chip formation, separation and 
analysis during the cutting process [163]. 
3.5.2 Model selection, material properties and boundary conditions 
The boundary conditions were applied as shown in Figure 3.25, where the bottom and 
the left sides of the workpiece were fixed, whereas the cutting tool was set to be the 
movable part to cut the workpiece.  
 
Figure 3.25 FEA model setup 
12° 
0.4 mm 
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The cutting tool has an edge radius of 0.4 mm and the clearance between the tool and 
the workpiece was set to 0.001 mm, while the depth of cut was 0.4 mm. A clearance 
angle of 0° between the flank face and the workpiece and a 12° rake angle between the 
rake face and the vertical were preferred in this model. A friction coefficient of 0.2 
was used in this model. This value was selected based on the previous studies 
conducted on modelling metal cutting process [164, 165].  
The Johnson-Cook constitutive law was used in this simulation to determine stress by 
considering the effects of strain hardening and temperature during the cutting process 
[132]. The Johnson-Cook (JC) stress, as explained in chapter 2.7.2 is represented by 
the following equation 3.2: 
σ = [A + B (εe
pl
)n ] [ 1 + C ln (εe
˙pl
 /ε0
˙ )] (1 − θm)                                         (3.2) 
where θ is given by equation 3.3:      
θ =   (𝑇 − 𝑇𝑡𝑟)/(𝑇 − 𝑇𝑀)                                                                            (3.3) 
Where: 
ε˙0: Reference strain rate. 
ε˙ple: Equivalent plastic strain rate. 
εple: Plastic strain. 
A, B, C, n and m: yield stress, stress hardening, strain rate sensitivity 
coefficient, hardening coefficient and thermal softening coefficient. 
TM and Ttr: Melting temperature and ambient temperature respectively. 
The original JC constants of AL-6XN alloy are listed in Table 3.8 [166-168]. When 
the original JC coefficients of the AL-6XN alloy (Table 3.8) were directly applied in 
the simulation process of this work, the stress values obtained were unrealistic. The 
reason behind the unrealistic stresses could be attributed to the process performed and 
used in deriving the JC coefficients, as these constants were previously used to 
simulate other operations than machining to evaluate the equivalent plastic strain only.  
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Table 3.8 Johnson Cook model constants for the AL6XN alloy 
Coefficients 
A 
(MPa) 
B 
(MPa) 
C n m 
ε°ₒ 
(s-1) 
TM 
(°C) 
Ttr 
(°C) 
Strain rate 
(s-1) 
Origin 400 1500 0.04 0.4 1.2 0.001 1520 20 0.001 
Calibrated 380 910 0.04 0.4 1.2 0.001 1520 20 0.00027 
 
Table 3.9 Tensile test parameters 
Strain rate 
(s-1) 
Yield stress 
(MPa) 
Young Modulus 
(GPa) 
UTS 
(MPa) 
Fracture strain 
(mm/mm) 
0.00027 380 196 670 0.6 
 
Therefore, a MATLAB Curve fitting toolbox was applied to calibrate the JC equation 
depending on the strain-stress curve of an executed tensile test. The engineering stress 
and strain parameters obtained by an executed tensile test listed in Table 3.9 were used 
for the curve fitting process to obtain the JC coefficients (A and B) at a strain rate of 
0.00027 s−1. Table 3.8 lists the modified JC coefficients (A and B). 
 
Figure 3.26 Stress-strain curves for the experimental, original and modified JC 
parameters 
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Table 3.10 Physical properties of the AL6XN  
C11 
(GPa) 
C12 
(GPa) 
C44 
(GPa) 
ѵ 
ρ 
(kg/m3) 
Thermal 
conductivity 
W/(m.K) 
Specific heat 
J/(kg.°C) 
154 122 77 0.35 7850 11 500 
 
Table 3.11 Cutting tool physical properties as supplied by the manufacturer 
E 
(GPa) 
ѵ 
ρ 
(kg/m3) 
Thermal 
conductivity 
W/(m.K) 
Specific heat 
J/(kg.°C) 
510 0.3 14000 74 350 
 
Table 3.10 and Table 3.11 list the main properties of the workpiece and the cutting 
tool (as supplied by the manufacturer), respectively. Figure 3.26 shows the original 
and modified JC curves as well as the experimental curve. Stress-strain values of the 
modified JC curve were submitted to ABAQUS and the material anisotropy (FEA 
assumption) was considered in the material model because of the large detected and 
meshed grains. The elastic constants of the AL-6XN are C11, C12 and C44 and the 
values of these constants were imported and listed in Table 3.10 [169]. As mentioned 
previously in section 3.5.1, elements deletion feature was utilised as a part of the mesh 
techniques in current simulations. The element deletion technique is responsible for 
forming the chip by deleting the small (fine) distorted meshed elements at the shear 
zone that are in contact with the tool tip edge during the cutting process. This element 
deletion technique is widely used by researches to get better results for the FEA in 
modelling the shear zone when machining various alloys and materials. The deleted 
elements separate the workpiece into a machined surface (over a stressed workpiece) 
and highly strained chip. As the AL-6XN is a ductile material, a damage for ductile 
material (ductile damage) criterion and elements deletion technique for the chip 
separation study was used to represent the model failure and chip formation. This 
ductile damage criterion requires the user to specify values for equivalent fracture 
strain and the displacement at the fracture.  
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In the current model, for a scalar damage variable D = 0, the equivalent fracture strain 
is equal to 0.41 mm/mm which was selected based on the executed tensile test. For a 
D = 1 at which the elements fail, the value of the displacement at failure (based on 
repeated observations for the model outcomes) was equal to 1.7 × 10−5 m. 
3.5.3 Residual stresses by FEA 
Although the scope of the current thesis did not consider the measurements of the 
residual stresses experimentally, the developed FEA model in this section was able to 
calculate these residual stresses.  
 
Figure 3.27 Residual stresses measurements 
The relationship between the residual stresses due to the cutting process and the depth 
beneath the cutting tool was evaluated through the FEA study. The axial residual 
stresses, S11, created in the direction of the cutting process were calculated using the 
FEA model. A path was drawn below the flank face of the cutting tool down to the 
bottom of the workpiece to extract the values of the residual stresses at the two cutting 
speeds. The path location was selected at 0.2 mm in the X-direction as shown in Figure 
3.27. This location was preferred to estimate the stresses as the tool was cutting the 
last chip and the stresses were residing in the machined workpiece. 
3.5.4 FEA machining assessment study of AL-6XN and 316 alloys 
As explained in the layout of this chapter, machinability assessment of AL-6XN and 
316 alloys was conducted experimentally and through a FEA simulation. Therefore, 
in this section, a FEA study was conducted to assess machinability simulation process 
of both alloys. Non-microstructural based models were created and used in this study 
to simplify the analysis process.  
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Figure 3.28 Workpiece and cutting tool setup 
Von Mises Stress, equivalent plastic strain PEEQ and residual stress S11 were the only 
results used in this comparison. The workpiece and the cutting tool dimensions, setup 
and boundary conditions used are presented in Figure 3.28. The workpiece has 
dimensions of 1 mm (height) and 2 mm (width), while the cutting tool nose radius is 
equal to 0.4 mm. The cutting tool was placed at depth of cut of 0.4 mm with an angle 
of 12° with the vertical. The workpiece was fixed at the bottom and at the left side, as 
shown in Figure 3.28, while the cutting tool was the movable part during the cutting. 
Two cutting speeds of 65 and 94 m/min were applied in this simulation, while a friction 
value of 0.2 was preferred between the insert edges and the formed chips, as well as 
the machined surface. The 316 alloy mechanical and thermal properties, listed in Table 
3.12, were imported from a study conducted by Bansal et al. and used in ABAQUS as 
the workpiece properties at the beginning of the setup process [170]. The Johnson 
Cook constitutive equation was utilised to calculate the stresses through the machined 
workpiece. Searching the literature on FE machining studies found that, recently, the 
Johnson Cook model was used to simulate machinability of the 316 alloy as 
demonstrated in [171]. Although the researches used the JC model, (Advantage) 
software was utilised to conduct the simulation process.  
1 mm 
2 mm 
0.4 mm 
12° 
0.6 mm 
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The Advantage software is characterised by its own pre-saved database machining 
library which enables the user to apply the JC equation without specifying preliminary 
values for the input parameters depending on the output optimisation procedure. 
Therefore, it was not possible to gain the JC parameters from that study. So, the JC 
input coefficients listed in  
Table 3.13 were imported from a study executed by Bansal et al. [170], and the 
coefficients A and B were calibrated to be used in the current machining model using 
MATLAB curve fitting toolbox depending on the stress-strain data, as shown in Figure 
3.29, which were also mentioned and imported from a study conducted by Zhong et 
al. [172]. The data from the calibrated curve were then imported into the ABAQUS 
software and two simulations run under the selected cutting speeds. As the AL-6XN 
and 316 alloys are characterised by their high ductility, the ductile damage criterion 
was used to signify material failure and chip formation during the simulation. This 
criterion requires giving values for the fracture strain and the displacement at failure 
during the setup process.  
Table 3.12 Mechaical properties of the 316 workpiece and the cutting tool 
Properties 
AISI 
316 
Cutting tool 
(as supplied) 
Young modulus (GPa) 193 510 
Thermal conductivity (W K−1 m−2) 15 74 
Density (kg/m3) 8031 14000 
Specific heat (J/kg K) 457 350 
 
Table 3.13 Original and calibrated Johnson Cook paramters of 316 and AL-
6XN alloys 
Alloy Coefficients 
A 
(MPa) 
B 
(MPa) 
C n M 
Strain 
rate 
(s-1) 
TM 
(°C) 
Tr 
(°C) 
316 Origin 388 1901 0.02494 0.8722 0.6567 10−5 1643 298 
316 Calibrated 250 1050 0.02494 0.8722 0.6567 10−5 1643 298 
AL-6XN Calibrated 380 910 0.04 0.4 1.2 10-3 1793 298 
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Figure 3.29 True stress-strain curves for the original and calibrated JC 
parameters 
The fracture strain values were selected based on the acquired data from true stress-
strain curves of the alloys; these values were equal to 0.41 and 0.44 mm/mm for the 
AL-6XN and 316 alloys, respectively. A seeding size of 0.0002 m was selected to 
create a very fine mesh of 45000 total elements for the workpiece to increase the 
outcomes precision. This mesh consisted of 300 elements in the X-axis and 150 
elements in the Y-axis as shown in Figure 3.28. The element type CPE4RT was 
assigned for the workpiece and the cutting tool meshes. The properties of this element 
type are mentioned in section 3.5.1. The convergence in FEA results, for these non-
microstructural based models, reached when selecting the current element size of the 
mesh utilized in these simulations. 
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4 Results, analysis and discussion 
This chapter presents the results from all the experiments designed in Chapter 3. The 
result chapter in this thesis is divided into the following five sections: 
• Material characterisation: In this section, material characterisation outcomes, 
which represent the tensile test, hardness test and microstructure investigations, are 
listed and analysed to reveal the material mechanical properties. 
• Machinability characterisation of the AL-6XN alloy: This section includes the 
results of the machinability tests obtained from analysing machining aspects, such 
as cutting forces, chip morphology, work hardening, metallographic analysis, tool 
wear and surface roughness.  
• Machinability assessment of the AL-6XN and 316 alloys: In this section, the 
results of the machinability assessment study are presented. Cutting force analysis, 
work hardening, surface roughness and the wear of the cutting tool during 
machining of the AL-6XN and 316 alloys are evaluated and compared. 
• Chip formation study in machining of the AL-6XN alloy: In this section, the 
outcomes from the chip formation study using a quick stop approach are explored 
to investigate the AL-6XN alloy thermomechanical reaction due to the machining 
process. Microstructure deformation, plastic strain, work hardening and 
temperature measurements in the shear zone are presented, as well as the wear of 
the cutting tools. 
• FEA of machinability of the AL-6XN alloy: Results obtained from the FEA study, 
which was used to describe the AL-6XN alloy cutting process, are analysed and 
displayed in this section. These results are the microstructure analysis, and the 
stresses, strain and temperature measurements, as well as the residual stresses and 
chip morphology. In this section, the results of the AL-6XN and 316 alloys FEA 
assessment study are also explained and discussed. 
4.1 Material characterization 
4.1.1 Tensile test 
The tested samples shown in Figure 4.1 revealed that the necking and breaking were 
occurred within the samples gauge length.  
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Figure 4.1 Tensile test samples 
The results of the executed tensile test revealed that the AL-6XN alloy has high tensile 
strength of 670 MPa recorded at a strain of 0.6 mm/mm as listed in Table 4.1. These 
results indicate that the AL-6XN alloy is of high ductility and strength when compared 
with the conventional austenite stainless steel such as the 316 alloy. The mechanical 
properties of the AL-6XN gained from the tensile test will be used later as inputs in 
the simulation of the cutting process as will be explained later in this chapter. 
Table 4.1 AL-6XN tensile test results 
Sample 1 2 3 4 Average 
Extension rate (mm/min) 0.5 0.5 0.5 0.5 0.5 
Gauge length (mm) 31 30.25 31.46 31.17 30.97 
At max 
load 
Tensile stress (MPa) 667 675 672 677 670 
Tensile strain (mm/mm) 0.68 0.69 0.45 0.51 0.6 
E Modulus (GPa) 197 213 192 182 196 
Yield Yield stress (MPa) 379 381 378 382 380 
Extension at tensile strength (mm) 22.63 22.34 21.84 22.21 22.26 
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Table 4.2 AL-6XN alloy bulk hardness  
Test Microhardness (HV) Average 
1 195 
193 
2 192 
3 201 
4 193 
5 185 
 
4.1.2 Hardness measurements 
The AL-6XN alloy was subjected to the hardness test to measure the alloy bulk 
microhardness as described in Chapter 3.1.3. Table 4.2 lists the five executed Vickers 
hardness tests. The bulk material microhardness average value was equal to 193 HV. 
This hardness test is one of the principal tests which is conducted on the material to 
specify the alloy properties and will be used in the machinability assessment of the 
AL-6XN alloy as will explain later in this chapter. 
4.1.3 Microstructure and phases characterization 
The microstructure of the bulk material was exposed using electrolytic etching as 
explained in Chapter 3.1.4.  
 
Figure 4.2 Microstructure of the AL-6XN alloy electrolyticaly etched and 
revealed under optical microscope 
Annealing 
twins 
Grains 
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The etched surfaces were washed with distilled water immediately after finishing the 
etching process, then the surface was washed again but with ethanol to remove any 
impurities or dirt. The etched surfaces then investigated under the optical microscope 
and their microstructure was exposed as shown in Figure 4.2. It can be noticed from 
Figure 4.2 that in the microstructure of the before machining sample (bulk material), 
big austenite grains of 40~50 µm were noticed and the annealing twins significantly 
appeared between the grains. Twins formed in before machining sample, probably 
because of the “pre-thermal mechanical treatment” [24]. 
4.2 Machinability characterization of AL-6XN alloy 
The machined workpiece after the cutting process is shown in Figure 4.3. This Figure 
shows the locations of the executed eight cutting trials. Samples were cut and taken 
out of this machined block and used for the analysis of the machinability aspects as 
will be explained through this chapter. 
 
Figure 4.3 The machined workpiece of the AL-6XN alloy  
4.2.1 Cutting forces 
As mentioned early in Chapter 3.2.1, the cutting forces were directly measured during 
the cutting process using the attached dynamometer. The measured feed force (Fy) and 
the normal force (Fx) values are shown in Figure 4.4. The spindle force (Fz) was 
measured and existed with very low values. Therefore, this force has been considered 
constant and statically negligible for all the cutting trials in this work. However, the 
measured (Fy) and (Fx) forces were fluctuated between the positive and negative 
values, as revealed in Figure 4.4-A&B, because the cutting process was conducted 
under the edges of two cutting inserts.  
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When the first insert departed the machined material and removed the chip, there was 
a break in the cutting time until the second insert arrived and starts the cutting process. 
However, the absolute values were considered for all the collected forces data to 
generate a positive cutting forces and to simplify the analysis (Figure 4.4-C&D). Next, 
the cutting forces data were filtered using MATLAB tools and only the data at SSS 
during the cutting process were utilized in this work while the remaining forces data 
were neglected (Figure 4.4-E&F). 
 
Figure 4.4 Cutting forces filtering 
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Figure 4.5 Filtered feed (Fy) and normal (Fx) forces for the eight cutting trials 
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Figure 4.5 shows the (Fy) and (Fx) forces value with respect to the cutting time for the 
eight cutting trials measured at SSS of the cutting process. In all these trials, the (Fy) 
values were higher than the (Fx) values. The mean values of the cutting forces, shown 
in Figure 4.6, were extracted and calculated from the cutting forces data at SSS. The 
maximum (Fy) and (Fx) mean values of 1593 N and 1439 N respectively were recorded 
at trial (T4). At this trial, high feed and depth of cut of 0.15 mm/tooth and 3 mm 
respectively were applied with cutting speed of 100 m/min to machine the alloy.  
At trial (T8) where the cutting parameters were at their highest values (feed rate of 
0.15 mm/tooth, depth of cut of 3 mm and cutting speed of 150 m/min) the values of 
the (Fy) and (Fx) forces were less than the maximum recorded values at trial (T4). The 
possible reason behind this dropping in the forces value could be related to the thermal 
softening which might occurred due to using high cutting speed of 150 m/min. This 
cutting speed elevated the generated heat and because the AL-6XN alloy is 
characterized by its low thermal conductivity, the generated heat concentrated in the 
shear zone and reduced the shear stresses which led to decrease the cutting forces 
value. 
 
Figure 4.6 Feed (Fy) and normal (Fx) forces mean values at (SSS) 
It can be seen from Figure 4.6 that the (Fy) and (Fx) values were significantly affected 
by the cutting parameters of the trials. Therefore, the relation between the cutting 
forces (Fy) and (Fx) and the applied cutting parameters were clarified in the next 
section. 
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Effects of the cutting parameters on the cutting forces value 
The effects of the applied feed rate, depth of cut and cutting speed on the cutting forces 
value were studied individually. In Figure 4.7-A, B&C, the cutting trials were 
rearranged so that every two consecutive cutting trials had two fixed cutting 
parameters and only one variable parameter.  
Figure 4.7-A exhibits the effect of the feed rate on the (Fy) and (Fx) values for each 
two consecutive trials had the same cutting speed and depth of cut. The cutting forces 
(Fy) and (Fx) values were greatly increased when the feed rate was changed to 0.15 
mm/tooth in trials (T3), (T4), (T7) and (T8).  
However, for a feed rate of 0.15 mm/tooth, the increasing in the (Fy) and (Fx) values 
at the trials that machined at a cutting speed of 100 m/min were bigger compared to 
the increasing in the forces value at the trials that machined at cutting speed of 150 
m/min (Figure 4.7-A).  
The effect of the cutting speed on the (Fy) and (Fx) values were revealed in Figure 4.7-
B. It can be observed from Figure 4.7-B that the (Fy) values were increased when the 
cutting speed changed to 150 m/min at trials (T5), (T6) and (T7) while at (T8), the (Fy) 
values revealed a minimal dropping due to the thermal softening effect. 
A slight increasing in the (Fx) values was noticed when the cutting speed of 150 m/min 
and depth of cut of 2 mm were used at trial (T5). After that slight increasing at trial 
(T5), the (Fx) values decreased whenever the cutting speed of 150 m/min was applied 
to machine the alloy (Figure 4.7-B). The maximum dropping in the forces value was 
recorded at trial (T8) which caused due to, as explained previously, the thermal 
softening effect.  
Figure 4.7-C shows the influence of the depth of cut on the measured forces (Fy) and 
(Fx) values at the eight cutting trials. Similar to the effect of the feed rate on the cutting 
forces value, using depth of cut of 3 mm increased the cutting forces at trials (T2), 
(T4), (T6) and (T8). Also, high increasing in the forces value were noticed when depth 
of cut of 3 mm and cutting speed of 100 m/min were utilized at trials (T2) and (T4) 
whereas the increasing in the forces value were lower when depth of cut of 3 mm and 
cutting speed of 150 m/min were applied at trials (T6) and (T8) (Figure 4.7-C). 
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Figure 4.7 Effect of cutting parameters on cutting forces (Fy) and (Fx) value 
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Change in the cutting forces value regards to the applied cutting parameters 
The applied cutting parameters have shown significant influences on the cutting forces 
value as explained in the previous section and the following equation 4.1.  
Fy, Fx = f (Feed rate, Depth of cut, Cutting speed)                                      (4.1) 
In the current section, the effects of the cutting parameters on increasing or decreasing 
(%Δ) the (Fy) and (Fx) values on every two trials of the same two constant cutting 
parameters and one varied cutting parameter are given in Figure 4.8. For instance, 
Figure 4.8-A demonstrated an increasing of 43% and 47% in the (Fy) and (Fx) values 
respectively when the feed rate increased to 0.15 mm/tooth between trials (T1 & T3).  
For the same applied cutting speed of 100 m/min at trials (T2) & (T4), the (Fy) and 
(Fx) values indicated increases of 51% and 36% respectively when the feed rate 
increased to 0.15 mm/tooth.  
When the cutting speed switched to 150 m/min, the (Fy) and (Fx) values had less 
increasing compared to the measured forces at the trials where the cutting speed of 100 
m/min was used. For instance, at trials (T5) & (T7), the increasing in the (Fy) and (Fx) 
values were only 34% and 6% respectively (Figure 4.8-A) whereas at trials (T6) & 
(T8), the (Fy) and (Fx) values were increased up to 44% and 17% respectively when 
the feed rate elevated to 0.15 mm/tooth (Figure 4.8-A). 
In Figure 4.8-B, the influence of the depth of cut on the (Fy) and (Fx) values was 
explained. At a cutting speed of 100 m/min for trials (T1) and (T2), the (Fy) and (Fx) 
values were elevated up to 40% and 50% respectively when the depth of cut was 
increased to 3 mm. For the same cutting speed but applying feed rate of 0.15 mm/tooth 
at trials (T3) and (T4), the (Fy) and (Fx) values were increased up to 53% and 40% 
respectively when the depth of cut increased to 3 mm. 
When a cutting speed of 150 m/min, a feed rate of 0.1 mm/tooth with the depth of cut 
of 3 mm were applied at trials (T5) and (T6), the (Fy) and (Fx) values were increased 
up to 36% and 27% respectively. When the depth of cut also increased to 3 mm and 
the cutting speed of 150 m/min were applied at trials (T7) and (T8), the (Fy) and (Fx) 
values were increased to 45% and 40% respectively (Figure 4.8-B). 
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Figure 4.8 Δ change in cutting forces value regards the applied cutting 
parameters 
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In Figure 4.8-C, the percentage increases in the (Fy) and (Fx) values due to the change 
in the cutting speeds were viewed. It can be seen that the effect of the cutting speed on 
the (Fy) and (Fx) forces value was much lower than the effect of the feed rate and depth 
of cut shown in Figure 4.8-A and B.  
At trials (T1) and (T5) where the feed rate of 0.15 mm/tooth and the depth of cut 2 mm 
were applied, changing the cutting speed to 150 m/min increased the (Fy) and (Fx) 
values up to 11% and 8% respectively (Figure 4.8-C). At trial (T2) and (T6) (where 
depth of cut of 3 mm was utilised), the (Fy) values were decreased up to -6% while 
only 4% was the increasing in the (Fx) values.  
Maximum decreasing of -20% in the (Fy) values were recorded at trials (T3) and (T7) 
(when the feed rate 0.15 mm/tooth was applied) whereas only 5% were the increasing 
in the (Fx) values (Figure 4.8-C). At trials (T4) and (T8) where a depth of cut of 3 mm 
and a feed rate of 0.15 mm/tooth were applied, the reduction in the (Fy) force values 
was up to -19% while negligible change in the (Fx) was detected at those trials when 
the cutting speed elevated to 150 m/min. 
4.2.2 Chip morphology 
During the machining of the AL6XN alloy, chip morphology was investigated for all 
machining trials. All produced chips had a curled shape apart from in trial (T7) where 
the chip was thin and straight as shown in Figure 4.9. In addition, all the obtained chips 
were appeared to be discontinued chips.  
 
Figure 4.9 Chips of the eight cutting trials as collected after machining process 
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Investigation of chip morphology indicates the behaviour of the material when it is 
being machined and processed. ASS is characterised by its ductile behaviour, low 
thermal conductivity and high work hardening; therefore, serrated and segmented 
chips will form with a varied degree of serration based on the applied cutting 
conditions [145]. The chip free surface was examined under the SEM detectors and 
the chips were viewed in Figure 4.10. 
 
Figure 4.10 SEM images of the chips free surfaces 
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Figure 4.11 SEM images of the serreated edges of the chips, and zoomed images 
for the edges of trials (T5) and (T6) 
Zoomed Zoomed 
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In all presented chips, a serrated end was observed. It has been reported that ASS forms 
serrated chips of various lengths when cutting speeds up to 150 m/min are applied 
[173]. The shear lamellar layers were visible and could be seen in all of the formed 
chips as reported and described in [145]. In Figure 4.10, lamellae in the eight inspected 
chips microstructure were uniform and had nearly the same width regardless of the 
applied cutting conditions. It has been reported when a cutting speed range from 37 to 
300 m/min is applied to machine ASS, a lamellar structure of constant thickness in the 
chip free surface will appear [145]. 
Figure 4.11 shows the edges of gained chips from the cutting trials. When the creation 
of the serrated edge began, the intensity of the shear layers increased, curled and 
became non-uniform (Figure 4.11) owing to high localised deformation. Based on the 
low thermal conductivity of the workpiece and the produced work hardening, the 
generated heat will not be evacuated quickly throughout the material [174]. Therefore, 
high deformation was localised in the primary shear zone and moved towards the 
serrated end of the chip, which resulted in the presence of non-uniform shear lamellae 
in that area.  
When a high depth of cut of 3 mm and low cutting speed of 100 m/min were utilised, 
the edges of the formed chips had shown high serration behaviour (trials T2 and T4). 
Highly serrated edges were also established when the low depth of cut of 2 mm and 
high cutting speed of 150 m/min were applied in trials (T5) and (T7). The effects of 
cutting conditions on chip morphology during machining different materials has been 
reviewed in early studies  due to the its (chip morphology) importance in machining 
field [89, 175-177].  
In the present study, Figure 4.11 shows that when the cutting speed increased to 150 
m/min, the size and number of serrated edges increased. Owing to AL-6XN alloy 
properties such as low thermal conductivity and high ductility, a thermal softening is 
likely to occur during the cutting process. Although the applied machining was wet 
and coolant was applied, an instant localised temperature and heat indicated by the 
BUE formation (refer to section 4.2.5) can affect and result in the formation of the 
serrated chip as reported in [178, 179]. Another factor causing the serration phenomena 
is the existence of shear bands throughout the cutting process [180].  
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Figure 4.12 AsB image of the chip cross section to reveal the shear bands 
Therefore, the chip cross section was mounted, polished and inspected using a SEM 
Angular Selective Backscatter (AsB) detector as shown in Figure 4.12, which revealed 
the locations of the adiabatic shear bands within the chip cross section. 
The grains microstructure in the shear bands, presented by the white layers in Figure 
4.12, suffered from severe deformation due to the localised cutting temperature, 
thermal softening and work hardening. The serration degree of the machined alloy was 
evaluated with respect to the cutting speed and the feed rate. Formed chips collected 
from the eight cutting trials were mounted, grinded and polished up to 1 μm and 
inspected under an optical microscope. The cross section of the chips revealed the 
presence of serrated edges with varying degrees of serration. Figure 4.13 shows the 
mounted and fine polished (up to 1 µm) cross-section of the collected chip after 
machining. This chip displayed the serrated ends and the locations of hmax and hmin 
those used in the estimation of the serration degree H.  
 
Figure 4.13 Polished chip cross section 
Adiabatic 
shear bands 
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Serration degrees of the eight trials were calculated and are graphically presented in 
Figure 4.14. The serration degree was highly influenced by the cutting parameters i.e. 
the cutting speed. Serration degrees of 6.91 and 3.56 were recorded at high cutting 
speed of 150 m/min in trials (T8) and (T5), respectively, whereas the lowest value of 
the serration was calculated where cutting speed of 100 m/min was applied at trial 
(T3). The overall H value of the machined alloy was evaluated from the eight trials 
and found to be equal to 3.18. This measured H value considered high when compared 
to the H values of other alloys [146]. This high H value is an indicator of the excess 
(abnormal) plastic strain that existed and accumulated at the chip serrated edge. 
Therefore, This H value is unfavourable in the machining of AL-6XN alloy. 
 
Figure 4.14 AL-6XN alloy serration degree measured at the eight cutting trials 
4.2.3 Work hardening measurements in the machined surfaces 
The work hardening can be defined as the material strengthening due to localized 
plastic deformation. In the current work, the work hardening is caused by plastic 
deformation due to machinability process which was caused by the tool cutting edge. 
As mentioned in Chapter 3.2.3, three readings were recorded in the X-direction at each 
selected position to ensure precision during measuring the microhardness values. All 
the recorded data were analysed and presented in Figure 4.15.  
Figure 4.15 shows the arrangement of the microhardness values of the eight trials with 
respect to the depth from the machined surface. Results demonstrated an increase in 
the microhardness values for all machined samples near the machined surfaces when 
compared to the base material microhardness which had a value of 193 HV.  
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The microhardness values were increased due to the deformation and dislocations 
accumulation (as explained in the coming section) in the machined surfaces [181]. In 
addition, the hardening layers presented in all the trials had a thickness of 25 μm, as 
shown in Figure 4.15.  
A maximum microhardness value of 303 HV was obtained at trial (T3) where the high 
feed rate of 0.15 mm/tooth and low cutting speed of 100 m/min were applied. Using 
0.15 mm/tooth feed during the cutting process increased the contact length between 
the tool and the workpiece [181]. Therefore, the cutting tool removed a thick chip that 
increased deformation and work hardening and elevated the microhardness value.  
 
 
 
Figure 4.15 Microhardness values in the work hardened layers of the polished 
samples extracted from the eight cutting trials 
180
210
240
270
300
330
5 10 15 20 25 30 40 45
M
ic
r
o
h
a
r
d
n
e
ss
 (
H
V
)
Distance from the machined surface (µm)
s1 s2 s3 s4
180
210
240
270
300
5 10 15 20 25 30 40 45
M
ic
r
o
h
a
r
d
n
e
ss
 (
H
V
)
Distance from the machined surface (µm)
s5 s6 s7 s8
Chapter 4                        Results, analysis and discussion 
 
 
 
98 
 
The minimum microhardness value of 253 HV was achieved when the cutting speed 
switched from 100 to 150 m/min and feed rate of 0.1 mm/tooth was applied at trial 
(T6).  
The work hardening due to machining has effects on the cutting forces value and on 
the formed wear of the cutting tools as will be explained later in this chapter. However, 
further examination and explanation on the microhardness values in the work hardened 
layer is given in section 4.3 when these values are used in the machinability assessment 
of AL-6XN alloy. 
4.2.4 Metallography analysis of the work hardened layer 
The microstructure of the AL6XN alloy was investigated in the before and after 
machining using an electron microscope. The cross section of the sample was extracted 
from each cutting area to locate the deformation layer generated after the cutting 
process as explained in Chapter 3.2.4. A SE2 detector was utilised to observe the cross-
sectional surfaces.  
Figure 4.16-A and B illustrate the captured images in the before and after machining 
samples. It can be seen from Figure 4.16-B that the layer located near the top of the 
machined surface was deformed due to the plastic deformation and work hardening 
effect. The work hardened layer was created by the dislocations movement, which in 
turn eliminates the presence of the twins in the deformed grains microstructure [182].  
Typical annealing twins within the austenite microstructure that can be indexed in the 
maps detected by the EBSD have a misorientation angle of 60° in the <111> plane as 
shown in the undeformed layers in Figure 4.16-C and D. The annealing twins in the 
machined layer disappeared owing to the deformation process as the misorientation 
angle changed and reduced due to dislocations movement [183, 184]. The depth of the 
deformed layer was measured through this investigation and equal to 25 μm.  
Low Angle Grain Boundaries (LAGB) were created as a result of the deformation 
process and presented by the white lines as shown in Figure 4.16-C, while the 
deformed grains caused by the machining process were revealed when the EBSD data 
was processed with HKL Channel5 software. The deformed grains were coloured by 
a red colour as shown in Figure 4.16-D. 
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The EBSD data analysis displayed no existence of phase transformation from the 
austenite to the ferrite during the cutting process. However, the probability of the 
secondary phases formation and precipitation on the grains boundaries is likely 
occurring when low carbon content alloys such as ASS are subjected to high plastic 
deformation as explained in literature section 2.1. Therefore, the white lines shown in 
the deformed layer might also represented the formation of the secondary phases on 
the boundaries of the deformed grains. Also, the elevated microhardness values 
measured in the previous section could confirm the formation of these brittle and hard 
secondary phases. 
 
Figure 4.16 A- Microstructure of the AL-6XN under SEM detector, B- 
Microstructure of the cross section of the machined samlple, C- band contrast 
BC map of the cross section of the machined sample, D- EBSD image of the 
cross section of the machined sample 
4.2.5 Tool wear analysis  
The edges of the cutting inserts were examined under the SEM detector to reveal the 
presence of the BUE. The BUE formation was identified on the rake faces of cutting 
inserts used at trials (T5) and (T7), respectively, as shown in Figure 4.17 and Figure 
4.18.  
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Figure 4.17 SEM images of the BUE formed on the cutting edge used at trial 
(T5) 
 
Figure 4.18 SEM images of the BUE formed on the cutting edge used at trial 
(T7) 
In these two trials, a high cutting speed of 150 m/min was used to machine the alloy. 
When the feed rate increased to 0.15 mm/tooth at trial (T7), the thickness of the 
removed cutting section facing the cutting edge will increase. As a consequence, the 
generated temperature due to the cutting process will be elevated at the rake face. Also, 
a high cutting speed reduces the time to dissipate the temperature during the cutting 
process, and material plastic flow was resulted [185, 186]. In addition, because the 
AL-6XN alloy is characterised by its low thermal conductivity, the temperature value 
in the shear zone will create a welding process between the cutting edge and the 
removed material to form the BUE.  
It was reported by Krolczyk et al. that the combination of cutting speed and feed rate 
has a significant influence on the formation of the BUE [187]. Their results 
demonstrated that, at high cutting speed of 150 m/min and large feed, a large BUE was 
spread on the rake face of the cutting tool which is the case in this research.  
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When the BUE was examined under the SEM detector, the BUE was consisted of 
austenite shear lamellae. Figure 4.19-A shows the accumulation of the shear lamellae 
on the insert rake face that form the BUE. The chip produced from the cutting process 
in trial (T7) was also examined using the SEM detector, as shown in Figure 4.19-B. 
The produced chip was had the same structure (shear lamellae) that appeared in the 
BUE microstructure which resulted due to the slipping mechanism, shearing, and 
fracturing behaviour during the cutting process, as reported in other studies [145, 188]. 
 
Figure 4.19 A- Inspection of the microstructure of the formed BUE in trial (T7), 
B- Inspection of the formed chip of trial (T7) to make a comparison with the 
microstructure of the BUE 
However, the adhering wear presented by the formation of the BUE on the rake face 
of the cutting tool led to the formation of the CW, flank wear (abrasion wear), and 
chipping when the machining process proceeded, as the BUE particles are not stable 
and can easily be subtracted from the hosting surfaces [87]. Figure 4.20 shows the 
SEM images of the cutting edge for trial (T6). From this image, the CW, FW, and 
chipping are evident. The extent of the CW is higher compared to the FW on the cutting 
edges.  
 
Figure 4.20 SEM images of the cutting insert of trial (T6) to reveal wear types 
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The low extent of FW can be related to the effect of the flood coolant and the cutting 
time during the machining process. According to Ezugwu et al. and Ezugwu and 
Bonney, the applied coolant can penetrate the workpiece-cutting tool contacting area 
and reducing the friction [189, 190]. These coolant effects strengthen the flank edge 
and eradicate the abrasive wear FW to a certain extent.  
Figure 4.21 shows the located adhered particles, which could be a special type of 
chromium carbides or precipitated secondary phases, on the edge of the formed chip.  
 
Figure 4.21 Adhered particles on the chip cross sction 
In Figure 4.21, small particles were separated from the cutting tool and adhered to the 
backside of the formed chip. When this chip flowed against the cutting tool, the 
adhered particles work as abrading elements to crater the rake face of the cutting tool. 
This fact was also proven in a recently conducted machining study by Rahman Rashid 
et al. [186].  
The chipping wear was formed at the cutting wedges of some of the worn cutting tools. 
The reason behind the chipping is the separation of the welded BUE, which caused the 
occurrence of pitting and surface subtraction, which is similar to the reported findings 
in another study conducted by Ghani et al. [191].  
Another cause reported in literature states that a high cutting speed and improperly 
selected cooling method causes vibrations during machining, which, in turn, exposing 
the cutting tool to cyclic loads that creating thermal cracks (fatigue cracks) and, as a 
result, chipping occurred [192]. 
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Figure 4.22 SEM images of the eight cutting tools 
It can be seen from Figure 4.22 that CW is the most significant type of wear produced 
during the cutting process. Therefore, the tool life in this study was represented 
according to the length and the depth of CW. Accordingly, SEM images were captured 
for the rake faces of all cutting inserts to evaluate the length and the depth of CW. 
Such results aimed to provide a concept of CW formation and distribution on the rake 
faces in relation to the applied cutting conditions; thus, it can be concluded that more 
CW was generated than FW. 
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The measurements of CW were performed and are listed and shown in Figure 4.23. 
The maximum length for CW (2624 µm) was located at trial (T1), where the lowest 
feed rate of 0.1 mm/tooth and depth of cut of 2 mm were used. The largest depth of 
CW (380 µm) was found when the feed rate was increased to 0.15 mm/tooth in trial 
(T4).  
From Figure 4.23, the extent of CW was reduced in length and depth by 58% and 71%, 
respectively, at a low cutting speed of 100 m/min when the depth of cut was increased 
to 3 mm at trial (T2). This confirms that longer life for cutting tools will be gained 
when the cutting parameters of trial (T2) are used, whereas shorter life was obtained 
at trials (T1) and (T4), where the maximum CW length and depth were recorded, 
respectively.  
 
Figure 4.23 Crater wear CW length and depth of the eight cutting tools 
4.2.6 Surface texture analysis  
Surface roughness measurement using optical profilometer 
This section measured the roughness values at three selected locations as explained in 
Chapter 3.2.5. The 3D and 2D surface representations obtained by the AIF 
profilometer enable the user to observe the machining grooves distribution, depths, 
and directions so that the roughness measurements could be executed in various 
directions relating to the machining lines. In order to ensure repeatability, the 
evaluation was conducted 3 times and average reading was considered. All the 
gathered results were analysed and plotted in graphs as shown in Figure 4.24.  
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Figure 4.24 Surface roughness measurements at the three selected positions 
From Figure 4.24-A and position 1 for longitudinal direction, trial (T8) had the highest 
roughness value of 1.21 µm, whereas the lowest roughness was obtained for trial (T6). 
Trials (T6) and (T8) had the same cutting speed and depth of cut but differed in the 
feed rate. High feed rate value of 0.15 mm/tooth used in trial (T8) was the reason for 
the roughness increase. The roughness value at trial (T8) remained almost constant 
when the tool moved to position 2 (Figure 4.24-C). 
From Figure 4.24-C and position 2 for longitudinal direction, the roughness was 
elevated to 1.63 µm at trial (T1) which is the maximum value, while trail (T6) had the 
lowest roughness value Ra of 0.71 µm. In trial (T1), low cutting conditions used to 
machine the alloy provided a sufficient time to create and spread FW on the cutting 
tool flank face Therefore, this FW facilitated the deterioration of the machined surfaces 
while the cutting process was progressed. 
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Table 4.3 Changes in roughness Ra relating to the applied cutting parameters at 
positions 1, 2, and 3 
Position Changes in Roughness Ra relating to the cutting parameters 
1 and 2 For Vc = 100 and 150 m/min       {
𝑅𝑎 𝛼 
1
𝑓
 𝑎𝑡 𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑐𝑢𝑡
𝑅𝑎 𝛼 𝑓 𝑎𝑡 ℎ𝑖𝑔ℎ 𝑑𝑒𝑝𝑡ℎ 𝑜𝑓 𝑐𝑢𝑡
  
3 
For Vc = 100 m/min  
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The roughness values were increased in position 3 for all the trials as shown in Figure 
4.24-E. The maximum roughness value was obtained for position 3, longitudinal 
direction, equal to 1.68 µm in trial (T7) as displayed in Figure 4.24-E. The minimum 
roughness value Ra of 1.08 µm was gained at trial (T2) where the low cutting speed 
of 100 m/min and feed rate of 0.1 mm/tooth were applied. 
As the AL-6XN alloy is a ductile material, the instant temperature can be easily 
elevated in the tool-workpiece contact area which forms wear and BUE on the cutting 
insert. The wear and BUE are main factors in deteriorating the roughness of the 
machined components as reported by Oliaei and Karpat [193].  
It can be concluded that the feed rate parameter significantly influenced the roughness 
values during machining process and this is also evident by Fnides and Yallese [194]. 
The relation in Table 4.3 can be concluded from presented roughness graphs in Figure 
4.24-A, C, and E (longitudinal graphs). In Table 4.3, the roughness Ra was inversely 
proportional to the feed rate values for positions 1 and 2 when cutting speeds of 100 
and 150 m/min and depth of cut of 2 mm were applied whereas the roughness Ra was 
directly proportional to feed rate when depth of cut of 3 mm was used with the same 
cutting speed. 
For position 3 (Table 4.3), the roughness Ra was inversely proportional to the feed rate 
when cutting speed of 100 m/min and the depth of cut of 2 mm were used whereas at 
cutting speed of 150 m/min and depth of cut of 3 mm, the roughness Ra was directly 
proportional to the feed rate value. In general, the examined machined surfaces had 
significantly low roughness values in the lateral direction as shown in Figure 4.24-B, 
D, and F compared to the roughness values obtained in the longitudinal direction.  
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The roughness values comparison helps to improve the machinist awareness before 
manufacturing the machined components that used for tough applications where high 
friction between the contacted surfaces is found. For example, the friction between the 
teeth of two contacted gears or the friction between the flowed oil and the value gate 
that manufactured from the AL-6XN alloy, and the high roughness values 
(undesirable) are expected. These machined components should be manufactured in a 
direction (feed direction) parallel as much as possible to their working direction in 
industry to minimise the undesirable roughness to its lowest values. 
Inspection of the machined surfaces using SEM 
The rougher machined surfaces were inspected under the SEM detector to reveal the 
surface distortions created in the microstructure due to machining. Samples represent 
trials (T1), (T4), (T5) and (T8) were selected and presented in Figure 4.25 and Figure 
4.26. For each sample, three images were captured to present the three mentioned 
positions.  
An appropriate surface finish with a small number of minor cracks was produced at 
trial (T1) position 1 (Figure 4.25-A). Furthermore, a good surface finish at position 2 
(Figure 4.25-C) was accomplished whereas at position 3 (Figure 4.25-E), minor cracks 
increased and few distorted areas and bands were noticed.  
From Figure 4.25-B, trial (T4) position 1, the machined surfaces indicated cracks and 
distortions. It can be seen that a few minor cracks were found and poor surface finish 
with low distortions was accomplished.  
For trial (T4) position 2 (Figure 4.25-D), the cracks as well as distortions were 
increased in size and numbers. The distortions were arranged in parallel bands which 
have a width size range of 12.5–25 µm. For trial (T4) position 3 (Figure 4.25-F), the 
distortion sizes increased up to 62 µm in some areas. 
Effects of the BUE and chipping wear deposit remarkably led to large distortions, as 
reported by Zhou et al. and shown in Figure 4.25-F, of 196 µm in size above the 
machined surface and cause the roughness values to increase [185].  
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Figure 4.25 Distortion analysis for the microstructure of the machined surfaces 
of trials (T1) and (T4) using SEM, A- Trial (T1) at position 1, B- Trial (T4) at 
position 1, C- Trial (T1) at position 2, D- Trial (T4) at position 2, E- Trial (T1) 
at position 3, F- Trial (T4) at position 3 
Machined surface of trail (T5) position 1 (Figure 4.26-A) revealed slightly deformed 
spots and bands whereas the distorted bands increased in position 2 (Figure 4.26-C). 
The width of the distorted bands in position 2 increased up to 23 µm and some 
noticeable deformed edges were appeared. Deep distorted bands were formed at 
position 3 (Figure 4.26-E). Also, deformed areas appeared above the machining 
grooves. 
The machined surface of trial (T8) is displayed in Figure 4.26-B, D, and F. At position 
1, minor cracks and distortion spots appeared. However, the distorted spot increased 
in size and in occurrence, which can be easily recognized. The width of the largest 
distorted band was recorded and equals width of 15.3 µm.  
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Position 3 reveals that the width in some distorted bands increased up to 16.5 µm. In 
addition, deformed edges were strongly created between the machining grooves. Also, 
significant distortions existed above the machined surface and triggered the roughness 
values to increase. Most of the minor and medium distortions found on the machined 
surfaces in Figure 4.25-B, D, and e and Figure 4.26-B, D, and F present the material 
plastic flow.  
This plastic flow, could be related to the instant temperature in the shear zone during 
the cutting process and the material ductility nature, significantly affected by the wear 
of the cutting insert and instance coolant condition [185]. 
 
Figure 4.26 Distortion analysis for the microstructure of the machined surfaces 
of trials (T5) and (T8) using SEM, A- Trial (T5) at position 1, B- Trial (T8) at 
position 1, C- Trial (T5) at position 2, D- Trial (T8) at position 2, E- Trial (T5) 
at position 3, F- Trial (T8) at position 3 
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4.2.7 Effects of tool wear on the cutting forces 
Surfing the observed cutting forces and the tool wear results of the conducted milling 
trials, it was found that there was significant relation between the propagate chipping, 
CW wear and BUE formation on the cutting edges and the cutting forces value. The 
relation between the cutting forces and the wear is summarised by the following 
equation 4.2: 
Fy, Fx = f (Chipping, CW, BUE)                                                                (4.2) 
The (Fy) and (Fx) values were increased to their maximum values of 1593 N and 1439 
N respectively at trial (T4). The wear of the cutting tool nose at trial (T4) was the 
maximum chipping wear (Figure 4.40). This chipping wear formes new deformed tips 
for the cutting tool and increased the tool-workpiece contact length.  
Similar behaviour was found between the recorded cutting forces and the chipping 
wear detected at trials (T3) and (T8). Therefore, the cutting forces (Fy) and (Fx) were 
directly proportioned to the propagation of the chipping wear as clarified in equation 
4.3: 
Fy, Fx α (Chipping wear propagation, CW)                                                 (4.3) 
Figure 4.27-A shows the percentage increasing in the cutting forces (Fy) and (Fx) 
values with respect to the integrated effects of the chipping wear propagation and CW 
depth and length of trials (T3), (T8) and (T4). The lowset (Fy) and (Fx) values of 750 
and 705 N recorded at trial (T1), see Figure 4.6, were used as a reference to calculate 
the other percentages increasing values because all the wear types identified on this 
trial are minimal.  
The viewed chipping wear, shown in Figure 4.40 of section 4.3.4, at trial (T3) was 
smaller than the edges chipping of trials (T8) and (T4). Therefore, at trials (T3) and 
(T4), the (Fy) and (Fx) values were only increased by (38 ad 47%) and (111 and 65%) 
respectively.  
The (Fy) and (Fx) values were increased up to the maximum of 113% and 105% at trial 
(T4) because of large chipping and CW. Also, results revealed a significant increasing 
trend in both forces whenever the chipping width and CW length and depth increased.  
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Figure 4.27 Effects of tool wear types on the cutting forces value 
The increases in the (Fy) and (Fx) values between trials (T3) and (T4) in Figure 4.27-
A were equals to 75% and 58% respectively. 
Figure 4.27-B calculates the cutting forces regarding to the reference forces value of 
trial (T1). The overall readings have shown that the (Fy) and (Fx) values increased 
when the BUE formed by (8 and 11%) at trial (T5) and (45 and 17%) at trial (T7). 
However, this increasing also varied regards to the size of the BUE. The effect of the 
BUE formation on influencing the cutting forces was less than the effect of the 
chipping wear.  
The cutting forces (Fy) and (Fx) values were reduced (compared to the results of Figure 
4.27-A) when the BUE were formed due to the formation of sharp edges which reduce 
the tool-workpiece contact length. Therefore, the cutting forces value had an inverse 
proportion to the BUE formation as shown in the following relation 4.4: 
Fy, Fx α 
1
𝐵𝑈𝐸
                                                                                                  (4.4) 
The cutting forces (Fy) and (Fx) values demonstrated a maximum increasing up to 45% 
and 17% respectively at trial (T7) (Figure 4.27-B) where the large BUE size and CW 
formation were detected on the edge of the cutting tool as was mentioned in section 
4.2.5.  
The BUE size had a superior effect in increasing the cutting forces (Fy) values between 
trials (T5) and (T7). An increase in the (Fy) values due to the change in the BUE size 
between trials (T5) and (T7) was equal to 37% while the increase in the (Fx) values 
was 6% only. 
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The CW effect on the cutting forces could be studied separately at trials (T1), (T2) and 
(T6) as shown in Figure 4.27-C. The CW length and depth measured on the cutting 
edge at trial (T2) were at their lowest values of 1105 µm and 108 µm respectively. 
Therefore, they were used as a reference to calculate the percentage increase in the 
forces value at trials (T1) and (T6).  
It can be seen from Figure 4.27-C that a slight increase of 3% in the (Fy) and a decrease 
of -6% in the (Fx) values were recorded at trial (T6) whereas the (Fy) and (Fx) values 
were decreased up to -30% and -33% when the length and depth of the CW increased 
to high values of 2624 µm and 226 µm respectively at trial (T1) (refer to Figure 4.23). 
The decrease in the (Fy) and (Fx) values between trials (T6) and (T1) shown in Figure 
4.27-C were equals to -33% and -27% respectively. 
4.2.8 Effects of tool wear on surface roughness 
The surface roughness had an interface with the wear of the cutting tools during 
machining AL-6XN alloy as shown in Figure 4.28.  
 
Figure 4.28 Effects of tool wear types on surface roughness 
Figure 4.28 reveals a percentage increase in the roughness Ra values with respect to 
the changes in the (chipping wear and CW), (BUE and CW) and CW respectively. The 
percentage increasing values, shown in Figure 4.28, were calculated based on a 
reference trial where the minimum roughness value of 1.08 µm was measured at trial 
(T2) (see Figure 4.24 in section 4.2.6). The trials in Figure 4.28 were arranged 
according to the wear increase of the cutting tools to study the effect of wear 
propagation on the roughness values.  
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It can be observed from Figure 4.28 that all the roughness values were increased by 
42, 32 and 30% in the trials (T3), (T8) and (T4) respectively, compared to the 
roughness value of trial (T2), but with various percentage values depending on the type 
of the formed wear on the cutting tools.  
Figure 4.28-A shows that when the chipping wear was formed on the tool tip, the 
roughness Ra was increased up to 42% at trial (T3). However, Figure 4.28-A reveals 
that the Ra values were decreased when the chipping wear length and depth increased 
from trials (T3) to (T4) (refer to Figure 4.40 for the chipping wear size). The roughness 
Ra had a decrease of -10% and -12% at trials (T8) and (T4) compared to the Ra value 
at trial (T3) (of the low chipping width).  
Figure 4.28-B revealed that BUE formation elevated the roughness Ra up to 52 and 
56% at trials (T5) and (T7) respectively compared to the roughness value of trial (T2). 
The maximum percentage in the roughness value of 56% at trial (T7) where the large 
BUE was detected. The increase in the roughness percentage value was only equal to 
4% when the BUE size increased at trial (T7) (refer to Figure 4.40 for the BUE size).  
Figure 4.28-C exhibited that the CW increased the Ra percentage values by 20% and 
48% at trial (T6) and (T1) respectively compared to the roughness value at trial (T2). 
The increase in the Ra values between trials (T6) and (T1) was equal to 28% due to 
the increase in the CW length and width at trial (T1) (refer to Figure 4.23 for the CW 
length and depth). 
Therefore, from Figure 4.28, the relation between the Ra values and the wear of the 
cutting tools could be summarised in the following relations 4.5 and 4.6:  
Ra = f (Chipping, BUE, CW)                                                                      (4.5) 
Ra 
{
  
 
  
 
  
𝛼
1
𝐶ℎ𝑖𝑝𝑝𝑖𝑛𝑔 𝑎𝑛𝑑 𝐶𝑊
𝛼 𝐵𝑈𝐸 𝑎𝑛𝑑 𝐶𝑊
𝛼 𝐶𝑊
                                                                                  (4.6) 
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4.3 Machinability assessment of AL-6XN and AISI 316 alloys 
As explained before, this study was conducted to assess the machinability of the AL-
6XN alloy based on the machinability of well-known alloy such as the 316 alloy. 
4.3.1 Cutting forces analysis 
Forces value at SSS of the cutting process were preserved and used in this study while 
the other values were neglected. Then, the mean values of the forces per trial for both 
materials were calculated. Figure 4.29 shows a filtered feed force signal (Fy) at SSS of 
trial (T1) for AL-6XN and 316 alloys, and it can be said from all the obtained forces 
result that the AL-6XN alloy had recorded higher feed forces than the 316 alloy.  
 
Figure 4.29 Feed forces (unprocessed signals) of AL-6XN and 316 austenite 
stainless steel 
However, the mean values of the obtained forces were graphically presented in Figure 
4.30. It can be noticed from Figure 4.30 that the (Fx) and (Fy) values were increased at 
trials (T3), (T4) and (T8) and were equals to (1038 N and 1039 N), (1439 N and 1593 
N) and (1158 N and 1587 N) respectively for the AL-6XN alloy compared to the 
recorded forces for the same trials of the 316 alloy. The possible reason for the high 
forces in trials (T3), (T4) and (T8) was the chipping wear of the cutting tool.  
From section 4.3.4, the chipping wear was significantly recognised with high values. 
Therefore, machining AL-6XN alloy with a cutting edge contains chipping wear 
increased the forces during the cutting process. Also, the chipping wear caused the 
formation of new (non-uniform) cutting edges on the cutting insert instead of one 
uniform cutting edge.  
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Figure 4.30 Mean values of the cutting forces during cutting AL-6XN and 316 
austenite stainless steel, A- Normal force (Fx), B- Feed force (Fy)  
These non-uniform cutting edges worked together to machine the alloy which caused 
an increasing in the tool-chip contact length on the rake face of the cutting insert, 
therefore, the forces values were increased. 
The effect of the tool-chip contact length on the (Fy) values was also approved in 
references [77, 195]. However, for the AL-6XN alloy, in the trials (T1), (T2), (T5) and 
(T6), there was slight increase in the forces value compared to the forces value of the 
machined 316 alloy. The cutting tools used to machine those trails revealed the 
presence of crater wear, flank wear and small BUE formation which enforced the 
forces value to be increased. When the BUE size increased and spread on the cutting 
tool edge, which was the case in trial (T7) for the AL-6XN alloy, the forces value 
increased.  
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This increment in the forces value at trial (T7) was less than the identified forces 
increment due to the effect of the crater wear at trials (T3), (T4) and (T8). In general, 
the (Fx) and (Fy) values were higher for the AL-6XN alloy (Figure 4.30). Reasons such 
as tool wear (which was explained above), alloying elements and strength of the 
material raise all the measured forces. It was reported that a 2% of molybdenum 
alloying element in the chemical composition of the 316 alloy results in an increase in 
the alloy strength which elevates the (Fy) values during machining [196, 197]. In AL-
6XN alloy the molybdenum is presented in higher value up to 6% which is also a 
reason for elevating the strength of the alloy and increases the (Fy) values.  
The AL-6XN alloy is characterised by the added Nitrogen element to its chemical 
composition. The presence of the Nitrogen also increases the alloy strength and thus 
increasing the (Fy) values by motivating the work hardening tendency during the 
machining process. [11-13, 198]. High percentages of Chromium and Nickel increase 
the strength and the toughness at high temperature which reversely affect 
machinability of the alloys [199]. The strength of the material works as an important 
factor in machining field. By comparing the tensile data (stress-strain curve) of the 
AL-6XN and 316 alloys, it was found that the Ultimate Tensile Stresses (UTS) were 
equals to 670 and 560 MPa respectively as shown in Figure 4.31. The UTS of the AL-
6XN alloy was measured experimentally in section 4.1.1 whereas the UTS of the 316 
alloy was imported from [172]. This variation in the UTS values mean that the AL-
6XN alloy gives high tendency for the work hardening (compared to the 316 alloy) 
which deteriorates its machining property. 
 
Figure 4.31 Tensile strength of AL-6XN and 316 alloys 
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Figure 4.32 Percentage difference (increase) in the cutting forces of the AL-6XN 
compared to 316 austenite stainless steel 
To simplify the variation in the cutting forces value (Fx and Fy) between the AL-6XN 
and 316 alloys, the percentage difference in the cutting forces value were calculated 
and presented in Figure 4.32. 
This Figure has shown the values of the percentages difference (increasing) in the 
cutting forces of the AL-6XN alloy that calculated with respect to the forces value of 
the 316 alloy. These percentages were calculated based on the mean cutting forces 
value at SSS. Figure 4.32 shows a maximum increasing in the (Fy) and (Fx) values of 
70% and 57% were located at trials (T8) and (T4) respectively. Also, in all trials 
(except the trial T8), the noted percentage increases in (Fx) values were higher than the 
percentage increases in the (Fy) values. 
Effects of the cutting parameters on the cutting forces of AL-6XN and 316 alloys 
The effects of the cutting parameters such as feed rate, cutting speed and depth of cut 
on the forces were investigated per every two consecutive trials which have two 
constant cutting parameters and only one varied cutting parameter. The effect of the 
depth of cut is correlative to the effects of the feed rate and the cutting speed as would 
be explained later in this section. Figure 4.33 shows three graphs which display the 
variation in the forces value against the change in the feed rate, cutting speed and depth 
of cut. It can be observed that the (Fy) values of the AL-6XN alloy was significantly 
increased when the feed rate changed from 0.1 to 0.15 mm/tooth (Figure 4.33-A).  
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Increasing the feed rate during the cutting process enforces the cutting edge to remove 
thick chips which in turn increases the energy required to cut the alloy [200]. Also, the 
cutting section, which is defined as the face being removed by the cutting edge and it 
has two dimensions; feed rate and depth of cut, increased due to changing the feed rate 
which elevates the forces value. The forces value are directly proportional to feed rate 
and depth of cut, the geometry of the cutting tools and width of cut [201, 202].  
The (Fy) values of the 316 alloy in Figure 4.33-A indicated similar reaction to the feed 
rate increasing except the recorded (Fy) values at trial (T8). However, this increasing 
and variation in the (Fy) values was lower than the recorded increasing in the (Fy) 
values of the AL-6XN alloy. The (Fx) values of the AL-6XN alloy were also increased 
by changing the feed rate to 0.15 mm/tooth whereas the (Fx) values of the 316 alloy 
demonstrated different response to the change in the feed rate during the cutting 
process. At cutting speed of 100 m/min, slight increases in the (Fx) values of the 316 
alloy were recognised at trials (T1) and (T3) while moderate increasing in the forces 
value was found at trials (T2) and (T4) (Figure 4.33-A). When the cutting speed was 
changed to 150 m/min, the (Fx) values of the 316 alloy revealed a moderate decreasing 
whenever the feed rate increased to 0.15 mm/tooth at trials (T5 and T7) and (T6 and 
T8) as shown in Figure 4.33-A. The reason behind these forces dropping is the small 
size of the worn tools tips of trials (T7) and (T8), compared to the size of a new cutting 
tip, as will be shown in section 4.3.4. Thus, small tool-chip contact length was 
produced which affects and reduces the forces value [195, 203].  
The effects of the cutting speed on the (Fy) and (Fx) values are shown in Figure 4.33-
B. Changing the cutting speed to 150 m/min during machining AL-6XN alloy caused 
minor increasing in the forces at all the trials excluding trials (T4) and (T8) where the 
forces value had a minimal dropping.  
At trial (T8), all cutting parameters were employed at their high values (cutting speed 
of 150 m/min, feed rate of 0.15 mm/tooth and depth of cut of 3 mm). The higher values 
of the cutting parameters elevate the instant temperature and this temperature might 
became beyond the abilities of the coolant at the shear zone (although the coolant was 
applied, it is not very possible to eradicate the instant generated heat in the shear zone 
[204]). 
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Figure 4.33 Effects of the cutting parameters on the feed (Fy) and normal (Fx) 
forces, A- Effects of feed rate, B- Effects of the cutting speed, C- Effects of the 
depth of cut 
The formed and welded BUE on the cutting tool tip at a cutting speed of 150 m/min, 
refer to section 4.2.5, is an indicator for the instant temperature generation and 
elevation in the shear zone.  
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This temperature concentrated in the shear zone and around the tool tip and not 
dissipated easily through the workpiece because the AL-6XN alloy is considered as a 
low thermal conductivity alloy. Therefore, instant softening might occurred in that 
region which assists in dropping the cutting forces value by varying the shear angle 
and the crucial plastic deformation [205-208].  
The (Fy) values of the 316 alloy exhibited similar response to the (Fy) values of the 
AL-6XN alloy when the cutting speed changed to 150 m/min (Figure 4.33-B). 
However, the variation (increasing) in the (Fy) values was higher for the 316 alloy 
compared to the AL-6XN alloy but the overall increasing in the (Fy) values was greater 
for the AL-6XN alloy.  
The forces value of the AL-6XN and the 316 alloys revealed that for the AL-6XN 
alloy, the (Fx) values increased when the cutting speed increased to 150 m/min at low 
depth of cut of 2 mm as shown in Figure 4.33-B (trials T1 and T5, T3 and T7). 
Increasing the cutting speed to 150 m/min and using a depth of cut of 3 mm resulted 
in dropping the forces value which was probably due to the effect of the thermal 
softening as explained previously. 
The effect of the depth of cut on the (Fy) and (Fx) values of AL-6XN and 316 alloys 
could be shown in Figure 4.33-C. From Figure 4.33-C, the forces value found to be 
increased whenever the depth of cut increased to 3 mm due to severe load created as a 
consequence of thickly removed material. For instance, at trials (T2), (T4), (T6) and 
(T8) shown in Figure 4.33-C, the (Fy) and (Fx) values were increased when the depth 
of cut of 3 mm was applied compared to the cutting forces at trials (T1), (T3), (T5) 
and (T7) where a depth of cut of 2 mm was used.  
4.3.2 Work hardening investigation 
The microhardness of the base material was tested first for both alloys. The 
microhardness of the AL-6XN was equal to 190±10 HV whereas the microhardness 
of the 316 alloy was equal to 240±10 HV. However, the most convenient reason behind 
the higher hardness of the 316 alloy is the alloy grains size. It is evident from Figure 
4.34-A that the microstructure of the AL-6XN has grain size of 50 µm whereas the 
316 alloy has grain size of 10-15 µm (Figure 4.34-B).  
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 Figure 4.34 Electrolytically etched microstructures, A- AL-6XN alloy, B- 
316 alloy 
Researchers, from literature, reported that the microhardness value increases if the 
grains and the twins are small because the grain boundaries work as hinders to the 
dislocations movement and deformation [209-211]. The microhardness values in the 
work hardening region (cross-section) of both machined alloys were measured and the 
data are displayed in Figure 4.35.  
Figure 4.35-A and B shows that the microhardness values after machining were higher 
for the 316 alloy due to its high strain hardening. In addition, the alloy low thermal 
conductivity induced the thermal softening at the machined surface due to the not 
dissipated and concentrated instant heat between the tool edge and the workpiece 
[212]. This thermal softening phenomenon resulted in lower values for the work 
hardening of the machined AL-6XN alloy compared to the work hardening values of 
the machined 316 alloy. Also, the depth of the work hardened layer was larger for the 
316 alloy than the work hardened layer depth of the AL-6XN alloy in some of the 
trials. This could be attributed to the grains size (as explained previously) as well as to 
the formation of strained induced martensite in the microstructure, if found, due to the 
deformation at high strain rate caused by the machining process [108, 211, 213, 214]. 
The effect of the cutting speed and tool wear on the work hardening behaviour of some 
machined alloys was proved by researchers in their previous machining studies [215-
217]. Therefore, in the current work, only the effect of the cutting speed and the wear 
of the cutting tool were studied on the maximum recorded microhardness values in the 
work hardened layers of both alloys. 
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Figure 4.35 Work hardening due to machining, A- AL-6XN, B- 316 alloys 
The maximum microhardness values in the work hardened layers were equals to 303 
HV at trial (T3) for the AL-6XN alloy (Figure 4.35-A) and 322 HV at trial (T7) for 
the 316 alloy (Figure 4.35-B). These trials have the same feed rate of 0.15 mm/tooth 
and the same depth of cut of 2 mm but differ in the cutting speed values (150 m/min 
at T7 and 100 m/min at T3). 
In machining AL-6XN alloy, the chipping wear of the cutting tool at trial (T3) 
increased the contact length between the cutting edge and the machined surface [216]. 
This high contact length caused greater plastic deformation, which was formed due to 
the accumulation of the dislocations in large region because of the large contact area 
[218]. Consequently, the hardness increased to the maximum value of 303 HV during 
machining the AL-6XN alloy using the cutting parameters of trial (T7).  
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The maximum microhardness value in the 316 alloy work hardened layer of 323 HV 
was measured at trial (T7) where cutting speed of 150 m/min was applied. It was 
reported that utilising high cutting speed in machining an austenite stainless steel alloy 
increasing the work hardening in the area beneath the machined surfaces [219].  
Higher cutting speed produces high temperature at the tool-workpiece contact zone. 
However, it was mentioned above that high temperature increases the thermal 
softening and thus, the work hardening values decrease. Comparing the thermal 
conductivity of both alloys (11 and 15 W K−1 m−2 for the AL-6XN and 316 
respectively), one can see that the 316 alloy thermal conductivity is higher than the 
AL-6XN thermal conductivity by 36.36%. Therefore, the instant produced heat due to 
the cutting process could be more dissipated in the workpiece (in the case of machining 
the 316 alloy) and the thermal softening will be less and consequently, the work 
hardening increased. The effect of the thermal conductivity on the work hardening was 
also proved in [220]. 
Although the base material microhardness of the 316 alloy was higher than the 
microhardness of the AL-6XN alloy, the strength (UTS values gained by the tensile 
tests) of the 316 alloy was lower than the strength of the AL-6XN alloy as was shown 
in Figure 4.31. This means that the work hardening tendency due to deformation is 
higher for the AL-6XN alloy compared to the 316 alloy. Therefore, the tendency 
(percentage increase) in the work hardening due to machining was calculated for both 
alloys in this work and used to assess the machinability of the AL-6XN alloy. 
Accordingly, the work hardening tendency are more suitable to be used to assess 
machinability of AL-6XN alloy rather than using only the microhardness readings in 
Figure 4.35 to judge the machining process.  
The percentages increase in the microhardness measurements were calculated to 
represent the work hardening tendency based on the following equation 4.7:  
Percentage increase % = 
(𝑴𝒊𝒄𝒓𝒐𝒉𝒂𝒓𝒅𝒏𝒆𝒔𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒎𝒂𝒄𝒉𝒊𝒏𝒆𝒅 𝒕𝒓𝒊𝒂𝒍−𝑴𝒊𝒄𝒓𝒐𝒉𝒂𝒓𝒅𝒏𝒆𝒔𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒃𝒂𝒔𝒆 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍)
𝑴𝒊𝒄𝒓𝒐𝒉𝒂𝒓𝒅𝒏𝒆𝒔𝒔 𝒐𝒇 𝒕𝒉𝒆 𝒃𝒂𝒔𝒆 𝒎𝒂𝒕𝒆𝒓𝒊𝒂𝒍
 x 100 
(4.7) 
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Figure 4.36 Percentage increase of the work hardening tendency measured at 5 
µm beneath the machined surfaces of AL-6XN and 316 alloys 
Equation 4.7 above was applied on work hardening results (measured microhardness 
at 5 µm beneath the machined surfaces) of the eight machining trials for the AL-6XN 
and the 316 alloys, and the results are graphically shown in Figure 4.36. 
Figure 4.36 shows the values of the percentage increasing in the work hardening of the 
alloys. It can be seen that the AL-6XN alloy has the high tendency towards the work 
hardening formation than the 316 alloy. The work hardening tendency of the stainless 
steel alloys having a Nitrogen in their chemical composition (such as the AL-6XN 
alloy) proved to be higher than the traditional stainless steel alloys. Nitrogen works as 
a hindrance element to the dislocations movements which increases the alloy strength 
and the hardness of the deformed surface [198, 221].  
The work hardening tendency is directly proportion to the metastability of the 
materials whereas the metastability is inversely proportion to the Stacking Fault 
Energy (SFE) of the materials [222, 223]. It was reported that the AL-6XN alloy has 
lower SFE compared to the 304 and 316 alloys [222, 224]. Thus, the AL-6XN has high 
work hardening tendency, not favourable in machining of a material, which was 
confirmed in the current study. 
4.3.3 Surface roughness measurements 
The roughness values of the machined surfaces of AL-6XN and 316 alloys were 
graphically presented in Figure 4.37.  
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Figure 4.37 Roughness values of the machined AL-6XN and 316 alloys, A- 
Positions 1, B- Position 2, C- Position 3 
For the AL-6XN alloy, the roughness values were imported from section 4.2.6 whereas 
the roughness data of the 316 alloy were experimentally measured in this section.  
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It can be observed from Figure 4.37-A and B that the AL-6XN and the 316 alloys 
roughness values were converged in all the trials (except at trials T1 and T8), for 
positions 1 and 2, with the higher values assigned to the AL-6XN alloy. These 
converged roughness values were possibly resulted due to low cutting tool wear at the 
beginning of the cutting process. However, roughness values recorded at the trials (T1) 
and (T8) were relatively high for the AL-6XN alloy. 
By examining the machining data of these trials, it was found that the penetration 
normal force (Fx) values were highly fluctuated and reached the maximum of 880 N 
and 1700 N for trials (T1) and (T8) respectively while the fluctuation in the penetration 
(Fx) values for the 316 alloy was lower and reached the maximum of 630 N and 1000 
N for trials (T1) and (T8) respectively as shown in Figure 4.38. High fluctuated 
penetration (Fx) values increased the vibration which had an inversely influence on the 
quality of the machined surfaces by increasing the roughness values [89, 225]. 
 
Figure 4.38 Penetration normal forces (Fx) recorded at trials (T1) and (T8) at 
the beginning of the cutting process for AL-6XN and 316 alloys 
Back to Figure 4.37-C, the roughness values were significantly increased for the 
machined AL-6XN alloy and the tool wear was the main reason behind these increases 
as was described in section 4.2.6. However, the roughness values of the 316 alloy were 
lower compared to the values of the AL-6XN alloy. This could be accredited to several 
reasons such as the work hardening tendency, wear and friction between surfaces and 
the cutting forces. The work hardening in the shear zones and the chip region when 
machining AL-6XN alloy were investigated in section 4.4.3. That study presented how 
the hardness values were greatly elevated in the shear zones and in the formed chip. 
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The work hardening effect caused surface distortions and microcracks due to poor 
machining which deteriorated the quality of the machined surfaces. The investigated 
cutting forces in section 4.3.1 stated that the percentage difference in the cutting forces 
of the AL-6XN at some trials were higher than the forces of the 316 alloy by 52%, 
54%, 57% and 70%. These higher forces maximise the vibration and chatter during 
the cutting process which motivate the formation of the distortions and cracks on the 
machined surfaces and producing rougher surfaces [226].  
To conclude the surface roughness assessment between the AL-6XN and 316 alloy, 
the percentage differences were calculated. The calculated percentages were positive 
(increasing) for all the trials of the machined AL-6XN alloy at the three selected 
positions. Figure 4.39 shows the estimated percentage difference values for the AL-
6XN alloy with reference to the roughness values of the 316 alloy. 
 
 Figure 4.39  Δ% in the surface roughness values of the AL-6XN alloy with 
reference to the surface roughness values of the 316 alloy measured at three 
selected positions on the machined surfaces 
From Figure 4.39, the percentage difference values were lower than 55% at the 
beginning of the cutting process (except for trial T8). In position 2 (the middle of the 
cutting process), the differences (increasing) where in the range of 10 - 150% whereas 
at the end of the cutting process (position 3), the differences where in the range of 20 
- 186%. The maximum recorded percentage difference was equal to 186% at trial (T4). 
The AL-6XN alloy (Fx) and the (Fy) values measured at trial (T4) in section 4.3.1 
where the maximum values of 1439 N and 1593 N respectively.  
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The maximum values were sufficient to increase the roughness percentage difference 
of the AL-6XN alloy to 186% at trial (T4). These higher values indicated how was 
difficult to machine, according to the gained rougher surfaces, the AL-6XN alloy using 
the cutting parameters of trial (T4). Also, the cutting insert that was used to machine 
the surface at trial (T4) had a crater wear on the rake face (refer to section 4.2.5). 
Maximum depth and high length of the crater wear was identified on that cutting edge 
which was a reason for increasing the surface roughness at the end of the cutting 
process.  
However, the maximum severe chipping wear was also recognised at the edges of the 
same cutting insert used in trial (T4). This chipping wear produced a new non-uniform 
cutting edge instead of the traditional cutting edge. This new cutting edge increased 
the tool-workpiece contact area and thus, the friction and the cutting forces increased. 
As a result, the surface roughness was significantly increased due to machining the 
surface with non-uniform cutting edge [77].  
The effects of the formed BUE on the cutting insert rake face was also noticed. At 
trials (T5) and (T7) (where the BUE was detected), the percentage difference in the 
roughness values were also higher and equal to 82% and 151%. The size of the 
detected BUE at the cutting edge used in trial (T7) was greater than the size of the 
BUE formed on the cutting edge used in trial (T5) (refer to SEM images in section 
4.2.5). Therefore, it could be said that increasing and spreading the BUE on the rake 
face of the cutting insert led to the elevated surface roughness values  and 
consequently, the percentage difference in the surface roughness values were increased 
[89, 227]. Previous studies stated that the wear at the cutting tool tip has the most 
significant influence on the quality of the machined surfaces [77, 203, 228]. Therefore, 
in the current study, the cutting tool tip was investigated using AIF profilometer to 
obtain the profiles of the worn edges as will be demonstrated in the next section. These 
obtained profiles will be compared to the profiles of the cutting inserts used to machine 
the AL-6XN alloy for the assessment purposes.  
4.3.4 Tool wear analysis using Alicona InfiniteFocus profilometer 
The cutting inserts were subjected to profile measurement analysis using AIF 
profilometer as described in Chapter 3.3.  
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The eight worn cutting edges that machined the AL-6XN alloy were scanned first to 
view the new shaped profiles as presented in Figure 4.40. From Figure 4.40, the effects 
of the FW and CW were found on the flank and rake faces, respectively, of the eight 
cutting inserts with various amounts.  
Chipping wear significantly affected the geometries of the cutting inserts used in trials 
(T3), (T4), and (T8) by lowering the cutting edges. Sharp and long edges were formed 
on the inserts rake faces at trials (T5) and (T7) due to the presence of the BUE.  
In specific, at the low cutting speed of 100 m/min and low feed rate of 0.1 mm/tooth 
at trials (T1) and (T2), the cutting edges were worn and their locations were shifted to 
the right of the reference edges due to the formed FW (Figure 4.40). 
At high cutting speed and low depth of cut of 150 m/min and 2 mm respectively (trials 
T5 and T7), the newly created edges had additional height compared to the old edges 
according to the formed BUE, whereas at trials (T6) and (T8) (high depth of cut of 3 
mm) the new cutting edge locations were lowered and shifted to the right due to crater 
and chipping wear (Figure 4.40).  
The cutting tip radius of the new cutting insert (Figure 4.40-Tnew) was significantly 
increased due to lowering the cutting edges as shown in Figure 4.40- (T1), (T2), and 
(T8). Two rounded edges of different radii were formed due to the chipping wear at 
trial (T3), whereas four edges were located on the cutting edge at trial (T4) due to 
severe chipping.  
In trials (T5) and (T7), the rounded edges were excessively deformed and edges with 
sharp angles were created due to the formation of the BUE (Figure 4.40).  
Finally, a long and flat (chamfered) edge due to CW resulted on the cutting edge in 
trial (T6). Also, the worn cutting edges of the new profiles increased the noise, chatter, 
and vibration during the cutting process which influenced the obtained cutting forces 
which was also detected in dedicated study [229]. 
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Figure 4.40 Cutting tool path profile estimation of the new and worn edges 
(toole nose) for the AL-6XN alloy 
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It can be summarised from the AL-6XN alloy profile measurements of the cutting tool 
edges that the newly formed profiles affected the obtained machining results. The 
cutting forces and the roughness values of the machined surfaces were deteriorated, as 
explained earlier, due to machining with cutting inserts of nonuniform profiles of the 
cutting edges. Moreover, the tips of the cutting inserts were greatly deformed, which 
in turn influenced the roughness of the machined surfaces.  
The worn cutting inserts that machined the 316 alloy were scanned by the AIF and the 
cutting edges data are graphically displayed in Figure 4.41. It can be observed from 
Figure 4.41 that the geometries of the cutting tool tips of trials (T1-T3), where the 
cutting speed of 100 m/min was applied, were slightly deformed. These deformations, 
shown as very small peaks on the profiles curves, were resulted due to the removing 
of the tools coatings only during the cutting process.  
In trial (T4) where the high feed rate and depth of cut of 0.15 mm/tooth and 3 mm 
respectively were used at cutting speed of 100 m/min to machine the alloy, the tool tip 
after the cutting process suffered from the chipping wear. This chipping wear removed 
up to 35 µm from the tool tip (Figure 4.41). 
When high cutting speed of 150 m/min was applied at trials (T1-T5), the chipping 
wear also found at the tool tip which was used to cut the alloy at trial (T5). The 
reduction in the tool tip due to the chipping wear was up to 13 µm. Also, two new non-
uniform sharp tips were formed, due to chipping, on the cutting edge as shown in 
Figure 4.41-(T5). These non-uniform tips were responsible for the high surface 
roughness value (0.9 µm) recorded at trial (T5) at the end of the cutting process (see 
Figure 4.37-C). The FW and CW were recognised on the flank and rake faces of most 
of the cutting tools. In general, when the profile curves of the inserts were reviewed in 
Figure 4.41, the FW on the flank faces was relatively higher compared to the CW. The 
higher FW values were resulted from the friction between the flank face and the newly 
machined surfaces as 0° clearance angle was used in the cutting process (although the 
coolant was applied during the machining process, but it is not possible to assured that 
the coolant had penetrated and filled all the gaps between the contacted surfaces to 
minimise the friction and heat during the cutting process).  
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Figure 4.41 Cutting tool path profile estimation of the worn edges (toole nose) 
for the 316 alloy 
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As was found in section 4.3.2, the microhardness values of the base material and the 
machined surfaces were high for the 316 alloy. This is also a reason for elevating the 
FW when the cutting edge is in contact with tough and hardened machined surface. 
The maximum FW was located on the profile curve of trial (T7) where the higher work 
hardening of 322 HV was recorded. 
As explained earlier, the CW wear was formed on the rake faces of the cutting inserts. 
Also from Figure 4.41, it could be said that the low amounts of the CW were identified 
on most of the cutting inserts (except the cutting insert of trial T8). The CW was mainly 
formed due to the friction and the impact between the material removal (chips) and the 
cutting edge. The reason behind the low CW on the cutting edges could be related to 
the assistance of the applied coolant in removing the chips away from the rake face (as 
the rake face is more visible during the cutting process compared to the flank face of 
the cutting insert, the applied coolant can easily reach the chip-rake face contact zone).  
The maximum CW depth of 200 µm was located at the rake face of the insert of trial 
(T8) (Figure 4.41). At this trial, maximum cutting parameters (cutting speed of 150 
m/min, feed rate of 0.15 mm/tooth and depth of cut of 3 mm) were utilised and as a 
result, thick chips formed and slide along the depth of the insert rake face which 
increased the wear.  
The profile curves of the cutting inserts tips used to machine the AL-6XN alloy (Figure 
4.40) were utilized to compare with the experimentally obtained curves in Figure 4.41 
above to assess machinability of AL-6XN alloy. For trials (T1) and (T2), the cutting 
inserts indicated similar wear reaction to the machining process for both alloys. Slight 
FW and CW were verified on the flank and rake faces of the cutting inserts used in 
machining both alloys. Also, minor deformation placed on the tool tip did not affect 
its geometry compared to the geometries of the tips used in cutting the remaining trials. 
For trials (T3) and (T4), the cutting inserts used to cut the AL-6XN alloy were 
underwent harsh chipping wear especially at trial (T4). This can explain the high 
percentage difference between the surface roughness values of the AL-6XN and 316 
alloys which were equals to 47% and 186% at trials (T3) and (T4) respectively.  
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The chipping wear was also a reason for elevating the cutting forces during machining 
AL-6XN alloy (Fx and Fy values) up to 57% and 52% for trial (T3) and up to 34% and 
29% for trial (T4) compared to the cutting forces value of the 316 alloy. These higher 
percentages in the forces value were produced because of (in addition to the previously 
explained reasons in section 4.3.1) machining the AL-6XN alloy with two non-
uniform cutting tips at trial (T3), and four small and sharp non-uniform cutting tips at 
trial (T4) that increased the tool-workpiece contact length. Also, maximum 
microhardness near the machined surface of 303 HV and maximum percentage of the 
work hardening tendency of 59% were established at this trial (T3) for the AL-6XN 
alloy which increased the chipping of the tool tip. 
For trial (T5), the cutting insert tip experienced the formation of the BUE during 
machining the AL-6XN alloy while small chipping was detected on the tip during 
machining the 316 alloy. From the surface roughness values of the AL-6XN and 316 
alloys in section 4.3.3, it was found that the effects of the BUE formation in 
deteriorating the quality of the machined surface was higher than the effect of the 
chipping on the roughness values at this trial (the percentage increase in the surface 
roughness values was equal to 82%). The maximum roughness values were recorded 
at the trials where the BUE was created. 
For trial (T6), severe CW started near the tool tip and spread along the rake face of the 
cutting insert that used in machining the AL-6XN alloy while small FW and CW were 
noticed on the cutting insert during cutting the 316 alloy. The CW length of 2650 µm, 
which was close to the maximum value, was the reason for elevating the surface 
roughness percentage up to 83% during machining the AL-6XN alloy. 
Similar to trial (T5), trial (T7) had the biggest BUE on the cutting tip which was formed 
due to machining the AL-6XN alloy. The cutting insert used in trial (T7) for machining 
316 alloy owned the maximum FW according to the profile curves of the cutting inserts 
in Figure 4.41-(T7). This FW was resulted due to the contact between the tool flank 
face and the hardened machined surface (the recorded microhardness beneath this trial 
(T7) machined surface equal to 322 HV which was the maximum value among all the 
microhardness values of the 316 alloy machined surfaces).  
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For the AL-6XN alloy, the large BUE found on the tool inversely influenced the 
surface roughness value. The surface roughness Ra of 1.68 µm was recorded (the 
maximum value) and the percentage difference in the roughness between the AL-6XN 
and 316 alloy was equal to 151%. This means that, for the 316 alloy, there was no 
significant effects caused by the FW on surface finish at the end of the cutting process 
because the roughness values at the three cutting positions in Figure 4.37-C were 
nearly the same. For the AL-6XN alloy, the surface roughness values were increased 
at each position as was shown in Figure 4.37-A, B, C which were related to the 
formation and spread the BUE on the tip and the rake face of the cutting insert. 
The cutting insert used in the last trial during machining AL-6XN alloy had shown the 
presence of the chipping wear while sever CW was found in the rake face of the cutting 
insert utilised to machine the 316 alloy. The roughness results demonstrated that the 
83% increasing was found in machining the AL-6XN alloy compared to the 316 alloy 
which indicates that the chipping wear, as explained early, was the superior wear in 
deteriorating the surface quality in this trial. 
The large chipping found on the tip of the cutting insert increased the tool-workpiece 
contact length. This was the motive, in addition to the high percentage of the work 
hardening tendency (41%) and the produced thick chip, in elevating the values of the 
(Fy) values up to 70% for the AL-6XN alloy when compared to the (Fy) values of 316 
alloy at trial (T8). 
4.4 Chip formation study in machining of the AL-6XN alloy 
4.4.1 Microstructure analysis 
The microstructure of the chip root was revealed using a SEM detector as shown in 
Figure 4.42. In the observed microstructure of the formed chip roots at cutting speeds 
of 94 and 65 m/min (Figure 4.42), four areas appeared: (I) primary shear zone, (II) 
secondary shear zone, (III) chip region and (IV) work hardening layer (these regions 
were also detected under the optical microscope as shown in Figure 4.43). The 
austenite phase patterns were significantly identified in the stagnation zone of the chip 
root microstructure when the cutting speed of 65 m/min was used. These patterns cause 
the formation of the dislocations at the austenite grains [109]. 
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Figure 4.42 The microstructure of the frozen chips root, A- Chip root formed at 
65 m/min, B- Stagnation zone of the chip root at 65 m/min, C- Chip root formed 
at 94 m/min, D- Stagnation zone of the chip root at 94 m/min 
The dislocations were accumulated and moved forward in the direction of the feed to 
form the primary shear zone. Also, it should be mentioned that the stagnation zone in 
the microstructure of the chip root formed at cutting speed of 94 m/min could not be 
detected due to sever deformation (Figure 4.42-C). The micro cracks were observed 
on both chip roots in front of the tool tip Figure 4.42-B and D. These cracks are one of 
the major causes of initiation of BUE, as described in early studies on the chip 
formation mechanism, which in turn deteriorates machined components and increases 
machining difficulties [230-232]. The evidence for dislocation formation is the 
presence of the slip lines in the primary shear zone and the work hardening layer as 
shown in Figure 4.43; this was also approved by Nomani et al. [233]. Researchers 
investigated the behaviour of the austenite phase in the stagnation and work hardening 
zones using EBSD maps and HKL Channel5 software. 
II 
A B 
C 
D 
III 
IV 
I 
Micro 
cracks 
directions 
III 
IV 
I 
II 
Micro 
cracks  
BUE 
initiation 
layer 
Chapter 4                        Results, analysis and discussion 
 
 
 
137 
 
 
Figure 4.43 A- Frozen chip sample formed at 65 m/min shows slip lines region, 
B- Primary shear zone and work hardening layer, C- EBSD map shows detected 
slip lines presented by LAGBs (green) 2° to 10° and HAGBs (blue) > 10° 
Figure 4.43-A shows an overview image for an etched (electrolytically etched) chip 
root sample formed at 65 m/min whereas Figure 4.43-B shows the primary shear zone 
and work-hardening layer which contain the slip lines. These slip lines were detected 
in Figure 4.43-C when the EBSD map of the frozen chip root was processed in the 
HKL Channel5 software and various grain boundary angles were applied [110, 233].  
The fine green lines present the low angle grain boundaries (LAGBs) which were 
detected at an angle between 2° and 10° in region (III) (Figure 4.43-C). These LAGBs 
presented the high amount of strain loading which resulted in the accumulation of 
small dislocations within the sub grain structure.  
The blue lines presented the High Angle Grain Boundaries (HAGBs) detected at an 
angle larger than 10° in region (III) (Figure 4.43-C) when the grains where deformed 
and transited to form the chip segment. It is also shown through Figure 4.43-C that the 
densities of the special grain boundaries (LAGBs and HAGBs) were varied according 
to the distance from the cutting tool tip.  
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Region I revealed no detectable grain boundaries due to severe deformation and high 
plastic strain. Region II had the largest density of the HAGB accompanied with few 
amounts of LAGB (which were probably placed in the shear bands). Region III 
revealed the inverse of what was detected in case of region II: high amount of LAGBs 
accompanied with few HAGBs in the grain structure which is a reason for the work 
hardening layer formation. However, region IV revealed very small amount of the 
LAGBs, without any detected HAGBs, arranged on the boundary edges of the 
undeformed grains.  
From the gained results of the slip lines detection in deformed grains shown in Figure 
4.43, the slip lines formation can be summarised in the derived model presented in 
Figure 4.44. This figure presented the process of grain deformation and slip lines 
formation ahead the cutting tool tip [234]. 
 
Figure 4.44 Slip lines formation model within the grain 
Figure 4.44-A reveals the cutting tool geometry and the grain with its common 
annealing twin before starting the cutting process. When the cutting process started 
and the tool tip contacts the grain within the elastic limit (no grain plastic deformation), 
the slip lines are created in the direction of the cutting feed (Figure 4.44-B). At this 
stage, the slip lines motivate the formation and accumulation of the intergranular 
stresses. However, when the strain due to machining exceeds the elastic limit (grain 
starts yielding), the slip lines increase within the grain and relieve the accumulated 
stresses (Figure 4.44-C). The annealing twin disappeared when the grain deforms by 
the cutting tool due the change of annealing twin misorientation angle. 
Cutting edge Cutting edge 
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4.4.2 Strain measurements in the frozen chip root samples 
The calculated strain values in the chip root samples are shown in the following Figure 
4.45 and Figure 4.46.  
 
Figure 4.45 Plastic strain map for Vc = 65 m/min, A- At the chip root sample, B- 
At the stagnation zone 
 
Figure 4.46 Plastic strain map for Vc = 94 m/min, A- At the chip root sample, B- 
At the stagnation zone 
The area of an undeformed grain was selected in each chip root and used as a reference 
area during the strain calculations. Figure 4.45-A shows the strain map in the chip root 
sample fabricated at 65 m/min whereas Figure 4.45-B shows the strain values in the 
deformed grains ahead the tool tip and the stagnation zone. Maximum plastic strain of 
5.7 mm/mm was recorded in the first indexed deformed grains as shown in Figure 
4.45-B. 
Figure 4.46-A reveals the strain map in the chip root sample fabricated at 94 m/min 
whereas in Figure 4.46-B, maximum plastic strain at the deformed grains in the 
stagnation zone of 6.5 mm/mm was recorded. It can be observed from Figure 4.45 and 
Figure 4.46 that the strain values increased whenever measurements were executed 
near the stagnation zone or the tool tip, where the severe deformation occurred.  
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The recorded strains values were collected and graphically presented in Figure 4.47 
and Figure 4.48. The extracted maximum strain values were used later in this work to 
verify the validity of the FEA model. 
 
Figure 4.47 Strain values at measured at 65 m/min, I- Stagnation zone, II- 
Hardened layer beneath the machined surface, III- Primary shear zone, IV- 
Chip region 
 
Figure 4.48 Strain values at measured at 94 m/min, I- Stagnation zone, II- 
Hardened layer beneath the machined surface, III- Primary shear zone, IV- 
Chip region  
It can be noticed in Figure 4.47 and Figure 4.48 that for the chips formed at cutting 
speed of 65 and 94 m/min, the strain values started at their maximum of 5.7 and 6.5 
mm/mm respectively at stagnation zone (I). The primary shear zone (II) and the chip 
region zone (IV) in both samples were highly strained due to sever grains deformation 
occurred while the material was ejected in front of the tool tip.  
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The calculated strain values were reached up to 5.5±0.1 mm/mm at zone (II) for both 
samples (Figure 4.47 and Figure 4.48). 
At zone (III), beneath the flank face of the cutting tool, the strain values were lower 
than what were recorded at the other zones. For example, 1.2 and 3.4 mm/mm were 
the values of the strain measured in the hardened layers of samples fabricated at 65 
and 94 m/min respectively (Figure 4.47 and Figure 4.48). However, high strain values 
at the stagnation, primary shear and chip zones explain the higher work hardening 
values identified at these zones as described in the following section. 
4.4.3 Work hardening measurements in the frozen chip root samples 
Vickers microhardness measurement was utilised to calculate the hardness in the 
microstructure of the frozen chip roots samples. The outcomes exhibited the hardness 
values of 421 HV and 487 HV near the primary shear zone and in the formed chip, 
respectively, in the microstructure of the frozen chip root formed at cutting speed of 
96 m/min. At a cutting speed of 65 m/min, the hardness values were about 450 HV 
and 480 HV in the primary shear zone and in the formed chip, respectively.  
A series of a microhardness indentations were arranged in the work hardened layer 
related to the primary shear plane. This arrangement shows the variation in hardness 
values relating to the depth distance from the shear plane line, as shown in Figure 4.49.  
 
Figure 4.49 Work hrdening map within the microstructure of the frozen chip 
root samples fabricated at Vc = 65 m/min (on the left), Vc = 94 m/min (on the 
right) 
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Figure 4.49 reveals the boundaries of the microhardness indentations and the austenite 
grain boundaries. For both frozen chip root samples, higher hardness values in the 
range of 425 - 500 HV were accumulated at the chip flow region, whereas hardness 
values within a range of 400 - 450 HV were placed in the primary shear zone. Hardness 
values within a range of 290 - 400 HV were recorded in the subsurface and near the 
undeformed layers. 
As explained earlier, the plastic deformation as well as the accumulation of the 
dislocations (evident by the formation of the slip lines) within the deformed grains 
triggered the formation of the work hardened layer. This layer elevated the strain 
values whenever the cutting tool tip penetrates the grains to remove the chip from the 
workpiece. However, Figure 4.49 indicated that changing the cutting speed from 65 to 
94 m/min had no significant influence on the depth and microhardness values of the 
work hardened layers. 
4.4.4 Temperature measurements in turning AL-6XN alloy 
Temperature measurements were executed to measure the temperature during the 
cutting process. The temperature during the cutting process was recorded within 20 s 
(SSS) for both trials. A new cutting insert was used in each trial to minimise the wear 
effects of the cutting inserts on the measured temperature.  
Figure 4.50 shows the temperature values in the beginning and after 20 seconds of the 
cutting process at cutting speeds of 94 and 65 m/min. The recorded temperature at the 
cutting speed 94 m/min was higher and equal to 762°C than the generated temperature 
at the cutting speed 65 m/min which equal to 624°C.  
Early studies mentioned that at a higher cutting speed, the temperature at the shear 
zones is elevated because of high chip speed flow. In addition, as the current workpiece 
is characterised by low thermal conductivity and heat diffusivity, a smaller amount of 
heat value will be dissipated through the workpiece and the tool whereas a large 
amount of the heat was propagated to the formed chips [165, 235, 236]. However, 
these temperature values shown in Figure 4.50 will be utilised to validate the FEA 
model later in this chapter. 
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Figure 4.50 Temperature measurements 
4.4.5 Tool wear investigation in the chip formation study  
The cutting tool edges used in turning the frozen chip root samples were investigated 
using an SEM detector. Rake edge, flank edge, and the tool nose were scanned to 
reveal various wear types as shown in Figure 4.51 and Figure 4.52. In this work, a new 
cutting insert was used per trial to sustain zero reference tool wear condition. Excessive 
notch wear of 5.6 mm length and 0.994 mm width was identified on the cutting wedge 
of the cutting tool when cutting speed of 65 m/min was used. This wear extended along 
the rake and the flank faces of the cutting tool (Figure 4.51-A).  
In Figure 4.51-A, B and C, the SEM images of the cutting edge shows the presentation 
of the BUE, represented by the black spots on the edge and inside the chipping area. 
The formation of the BUE during the cutting process could be related to the ductile 
nature of the machined alloy, the low thermal conductivity property, and temperature 
generated during the machining process [90]. When the tool contacts the workpiece, 
the temperature due to friction will increase in the tool-workpiece contact area; as the 
AL-6XN alloy has low thermal conductivity, the temperature will be transferred to 
cutting edge and to the formed chip. This temperature will allow chip fragments to 
weld on to the cutting edge and form the BUE [65]. 
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Figure 4.51 Cutting tool edges scanned under SEM detector for a Vc = 65 
m/min, A- Notch wear, chipping and BUE formation, B- Micro cracks 
propagation and BUE formation, C- BUE deposition on the cutting edge 
The accumulation of the BUE causes vibration, and weakens the cutting edge during 
the cutting process, leading to micro cracks and pitting initiation when the BUE broke 
off the cutting edge [77, 90, 237, 238]. These micro cracks and pitting will initiate 
chipping wear, and when chipping wear spreads along the rake and flank faces, then 
notch wear will be formed. Notch wear is a type of flank wear, and occurs because the 
work hardening induces the abrasion behaviour of the surface in front of the tool [239].  
When a cutting speed of 94 m/min was used, the cutting edge completely failed as a 
flake of the edge separated away from the cutting tool, as shown in Figure 4.52-A. Li, 
Zeng, Chen reported that when BUE occurs, pitting, chipping, and notch wear are 
created, and cutting forces increased due to machining with irregular geometry of the 
cutting edge [240]. These forces increased the impact of the cutting tool on the 
workpiece, and as a result flake wear was created. Flake wear then shortened tool life 
and led to a catastrophic tool failure [241].  
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Figure 4.52 Cutting tool edges scanned under SEM detector for Vc = 94 m/min, 
A- Flake wear, micro cracks propagation, pitting area and BUE formation, B- 
BUE deposition 
Such a deformed edge causes severe deformations on the machined surfaces (as was 
evident in section 4.2.6) and, as a consequence, the span life of the strained and stressed 
machined components is shortened. 
The effect of the AL-6XN alloy plasticity on the cutting tools in dry turning could be 
explained in this section. For example, the measured temperature and the hardness 
values in sections 4.4.4 and 4.4.3 displayed that the temperature of 624 °C and 
hardness of 460 HV in the formed chip root had weakened the cutting insert at cutting 
speed of 65 m/min. When these heated and hardened chips flowed on the rake face of 
the cutting insert in addition to the cutting insert attempts to penetrate highly 
strengthened alloy, the BUE, chipping and notch wear were created as the cutting 
edges could not resist the 5.7 mm/mm plastic strain of the chip root.   
When the cutting speed increased to 94 m/min, the temperature and the hardness values 
were increased by 22 and 10% respectively in the chip root. As a consequence of these 
increments, the plastic strain was also increased by 15% in the stagnation zone of the 
chip root. All those increments were able to weld unstable BUE layer on the cutting 
insert edge. Due to the 15% increasing in the plastic strain and subjecting the tool 
edges to cyclic loads due to the formation of the BUE, the BUE layer could not 
withstand the produced cyclic loads and stresses. Therefore, micro cracks and pitting 
were formed, as shown in Figure 4.52-A and explained in section 4.2.5, and extent 
inside that unstable welded layer which led to the separation of the unstable layer and 
the formation of the flake wear.  
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Figure 4.53 Surface profile form measurements applied on worn cutting edge at 
Vc = 94 m/min (on the left) and worn cutting edge at Vc = 65 m/min (on the 
right) 
The flake wear, as explained earlier in this section, had damaged the cutting insert and 
deformed its geometry as seen in Figure 4.53 and Figure 4.54. 
The geometries of the cutting inserts were exposed under the lens of the AIF 
profilometer as shown in Figure 4.53. Two positions were selected to reveal the 
geometry profiles of the cutting insert that machined the AL-6XN alloy at 94 m/min. 
The insert that machined the AL-6XN alloy at 65 m/min had shown multiple 
geometries and thus, seven positions were selected to view the gained profiles. Figure 
4.54 shows the profile curves for a new cutting edge, a worn edge at 94 m/min, and a 
worn edge at 65 m/min used in dry turning of the AL-6XN alloy. Smooth edges were 
found when the new cutting tool was scanned (Figure 4.54-A), whereas the edges were 
significantly changed due to the catastrophic failure of the worn cutting tools. 
At a cutting speed of 94 m/min, the profile curve was lowered to 100 µm and 40 µm 
at positions 1 and 2 respectively due to the flake wear (Figure 4.54-B). Also, the 
presence of BUE was noticed at both positions, and is represented by the small peaks 
on the profile curve.  
At cutting speed of 65 m/min, multiple paths of different profiles were identified. The 
maximum chipping wear, a width and a depth of 280 µm and 190 µm respectively, 
was located at the profile curve of position 5, whereas the notch wear was recognised 
in the profile curves of all selected positions with a maximum width and minimum 
depth of 990 µm and 50 µm respectively at position 7 (Figure 4.54-C). 
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Figure 4.54 Profile curves obtained at various positions, A- New cutting edge, B- 
Worn cutting edge at Vc = 94 m/min, C- Worn cutting edge at Vc = 65 m/min 
4.5 FEA of machinability of AL-6XN alloy 
4.5.1 Microstructure analysis 
The microstructure of the meshed workpiece was deformed when the cutting tool tip 
penetrated the grains. It can be seen in Figure 4.55-A that a serrated chip resulted from 
the cutting process, which is similar to the chip produced in the quick stop test.  
Figure 4.55-B shows the propagation of the cracks ahead of the cutting tool movement. 
The crack began in an area within the grain, close to the grain boundaries and 
continued along the primary shear zone where the maximum stress concentration was 
placed. The process of observing crack propagation has been described and used 
previously by Ljustina et al. [160]. The shear band was found during the formation of 
the first chip as shown in Figure 4.55-C.  
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Figure 4.55 A- Microstructure deformation and Von Mises stress (Pa) 
distribution during the cutting process, B- Crack initiation and propagation 
along the primary shear zone, C- The formation of the first chip shows the shear 
band and primary shear zone 
The shear band shows the accumulation of the maximum strain values that propagate 
along the primary shear plane and around the primary shear zone. The current model 
shows the propagation as well as the residual values of the stress, strain and 
temperature in the real grains and grains boundaries ahead the tool tip, tool rake and 
flank faces.  
4.5.2 Stress and strain measurements 
The JC model was used to evaluate the stress and the strain values during the cutting 
process. In Figure 4.56, all the model feature lines were hidden in order to reveal stress 
and strain distribution along the workpiece. Figure 4.56 shows the first contact point 
between the tool tip and the workpiece. Maximum stresses were accumulated around 
the cutting tool tip and then penetrated through the grains and grains boundaries, which 
weaken the non-machined layers (Figure 4.56-A). After the tool was moved to cut two 
chips, the stresses were concentrated in the subsurface beneath the cutting tool flank 
face (Figure 4.56-B). 
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Figure 4.56 Observation of the formed chip during the cutting process at Vc = 
65 m/min, A, B- Von Mises stresses (Pa), C, D- Equivalent plastic strain mm/mm 
The concentrations of the stresses were varied regarding the depth of cut. The 
maximum stresses were concentrated in the hardened layer, whereas the grain 
boundaries of the undeformed grains were affected by stress propagation.  
Shear localization during the cutting process was found while calculating the strain as 
shown in Figure 4.56-C and D. It can be observed that the maximum strain localised 
around the cutting tool tip and propagated through the primary shear zone (Figure 4.56-
A) whereas after cutting two chips, the shear localization was concentrated at the chips 
edges (along the primary shear plane of each chip) as viewed in Figure 4.56-D. Also, 
Figure 4.55-C shows the localised shear strain accumulated along the formed chip 
shear band. The stress and strain values at the beginning of the cutting process were 
extracted and are graphically represented in Figure 4.57.  
For cutting speeds of 94 and 65 m/min, the recorded stress values within distances 
between 0 (the tool-workpiece first contact point) and 0.08 mm, and 0 and 0.07 mm 
were 1019 and 998 MPa, respectively (Figure 4.57-A and C). However, the stress 
values began gradually decreasing whenever the distance from the cutting tool tip 
increased. 
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Figure 4.57 Stress and strain distribution through the grains of the entire model 
at the beginning of the cutting process, A- Von Mises stress (MPa) at Vc = 94 
m/min, B- PEEQ equivalent plastic strain (mm/mm) at Vc = 94 m/min, C- Von 
Mises stress (MPa) at Vc = 65 m/min, D- PEEQ equivalent plastic strain 
(mm/mm) at Vc = 65 m/min 
The peaks marked on the stress curves represent the residual stresses in the grain 
boundaries and the annealing twins (Figure 4.57). These peak (stresses) values differed 
from each grain depending on the grain location.  
The equivalent plastic strain (PEEQ) shown in Figure 4.57-B and D represents the 
strain values within the first distorted grains and their boundaries. The plastic strain 
values of 3.32 and 2.39 mm/mm were verified in a distance between 0 and 0.06 mm at 
both cutting speeds 94 and 65 m/min, respectively. After 0.06 mm, the strain values 
reduced to 1.5 and 0.4 mm/mm in a distance equal to 0.18 and 0.15 mm. These values 
represent the strain in the neighbour grains and grains boundaries. After 0.18 mm, the 
strain values significantly decreased to 0.21 mm/mm, and then strain values were equal 
to 0 for the remaining distance of the workpiece.  
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After completing the cutting process, the maximum stress and strain at high and low 
cutting speeds was measured and is presented in Figure 4.58. Strain values collected 
from the experimental and FEA study are also presented in Figure 4.58. More 
explanation on the strain measured by the experimental work and by the FEA study 
will be mentioned in the model validation section 4.5.5. 
 
Figure 4.58 A- Maximum stress and strain obtained from the FEA modelling at 
Vc = 65 and 94 m/min, B- Comparison between the experimental and FE strain 
values 
4.5.3 Temperature measurements 
The FEA study in this work included the estimation of the temperature during the 
cutting process. Results obtained from the FE analysis were compared with the 
experimental results carried out by the thermal camera.  
The model shows the temperature distribution around the cutting tool tip and in the 
primary and secondary shear zones as shown in Figure 4.59-A and B. As the AL-6XN 
alloy is considered a low thermal conductivity material, a large amount of the heat at 
the beginning of the cutting process was accumulated around the tool tip. However, 
the heat was propagated into the primary and secondary shear zones when the first chip 
was created because of the friction between the chip and the tool rake face.  
When the second chip was formed, the temperature was transformed to the chip 
segments and to the cutting insert. As the temperature of the cutting edge increased, 
the probability of the BUE formation increased. A heated cutting edge assists the 
formation of thermal softening at the shear zone, which causes wear to be created and 
spread along the cutting edges.  
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Figure 4.59 Temperature measurements (°C) during simulation of the cutting 
process at Vc = 65 m/min, A- At the beginning of the cutting process, B- After 
forming the chips 
Also, a heated cutting edge sticks and welds the segments of the formed chips to form 
BUE elements as was shown in the SEM images of the shear zone in section 4.4.1. 
The experimental and the FEA temperature results were extracted and graphically 
represented in Figure 4.60. 
 
Figure 4.60 Experimental and FEA results of the measured temperature (°C), 
A- At the beginning of the cutting process, B- After 20 seconds of the cutting 
process, LCS = low cutting speed, HCS = high cutting speed 
 
4.5.4 Residual stresses measurements by FEA 
Figure 4.61-A and B shows the residual stresses in term of axial stresses (in the cutting 
feed direction) S11 for both models at cutting speeds of 94 and 65 m/min. Maximum 
tensile and compressive stress values were recorded at cutting speeds of 94 and 65 
m/min and they were equal to (550 and -120 MPa) and (440 and -90 MPa), 
respectively. The cutting speed value significantly affects the tensile stress layer width 
and value.  
145
150
155
160
165
170
175
180
185
60 70 80 90 100
T
e
m
p
e
r
a
tu
r
e
 (
C
°)
Cutting speed (m/min)
A
LCS (exp)
LCS (model)
HCS (exp)
HCS (model)
600
620
640
660
680
700
720
740
760
780
60 70 80 90 100
T
e
m
p
e
r
a
tu
r
e
 (
C
°)
Cutting speed (m/min)
B
LCS (exp)
LCS (model)
HCS (exp)
HCS (model)
B 
A 
Chapter 4                        Results, analysis and discussion 
 
 
 
153 
 
 
Figure 4.61 Residual stresses (S11) MPa, A- For Vc = 94 m/min, B- For Vc = 65 
m/min, C- Heat distribution that affects the tensile residual stress 
The depth of the tensile layer was larger and equalled 0.15 mm when a cutting speed 
of 94 m/min was used in the simulation because of thermal effects whereas a 0.1 mm 
depth was measured for the tensile stress layer formed at cutting speed of 65 m/min. 
It was reported that when the cutting speed range of (50– 100 m/min) is used, the 
residual tensile stress increased whenever the cutting speed increased because of 
thermal effects [92]. The thermal effects can be caused by the heat generated at the 
primary shear zone and in the zone between the flank face and the new machined 
surface. This heat is generated by plastic deformation at the primary shear zone around 
the tool tip  and friction between the flank face and the machined surface as the 
clearance angle was 0° as shown in Figure 4.61-C [92, 242]. Because of the material 
physical properties (low thermal conductivity), the heat will accumulate near the 
machined surface which leads to increasing the residual tensile stresses values. Figure 
4.61-A and B also show that the residual stresses became compressive with low values 
after the tensioned layer.  
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The maximum compressive stresses were accumulated in plastically undeformed 
regions between 0.5 and 0.6 mm and between 0.35 and 0.52 mm for models fabricated 
at cutting speeds of 94 and 65 m/min, respectively. The mentioned regions were deep 
and far away from the cutting tool edges. However, it was stated that the elastic 
deformed region will tend to include the plastic deformation of the deformed region 
(region in contact with the cutting tool flank edge) to ensure the stress balance state 
[164, 243]. In addition, the compressive residual stresses are directly proportional to 
the PEEQ strain values. For a cutting speed of 94 m/min, the PEEQ strain value equal 
to 6 mm/mm and a -120 MPa was recorded as a compressive stress while at 65 m/min, 
the stress value was equal to -90 MPa for a PEEQ strain value of 5.4 mm/mm. 
4.5.5 Model validation 
The validity of the FEA model was assessed according to the strain, temperature 
measurements and shear plane angle (chip morphology). The percentage difference 
(error) between the results obtained from the experiments and the FEA model were 
estimated and shown in Figure 4.62.  
 
Figure 4.62 Obtained errors during validating the FE model 
The percentage difference in the strain measurements between the experiment and the 
FEA results were equal to 5.25% and 7.5% at the cutting speeds of 65 and 94 m/min, 
respectively (Figure 4.62). The reason for the high percentage difference of 7.5% could 
be related to the indexing factor during the EBSD scan in the experimental work.  
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In some areas, where high dislocations were accumulated, the boundaries of the 
deformed grain may not be visible during the indexing process. Therefore, in the 
postprocessing stage, the HKL Channel5 software considered the deformed grain as a 
set of small deformed grains. As a result, when the true strain is calculated, the 
reference area will be larger than the deformed areas and causes the strain values to be 
increased.  
The percentage difference in the measured temperature at 65 m/min between the 
experimental and FEA studies was equal to 2.5% (at SSS) (Figure 4.62). On the other 
hand, at 94 m/min, the percentage difference 3% at the SSS. The differences between 
the experimental and FEA results could be related to several factors. For example, the 
setup of the infrared thermal camera on the lathe machine may affect the readings. 
Vibration produced by the lathe machine, as well as the distance between the 
workpiece-cutting tool contact area and the lens of the camera, can increase noise and 
reduce the efficiency of the thermal camera. Also, the accuracy of the obtained results 
from the FEA model was limited to some factors such as the friction coefficient, 
element size and type.  
The shear plane angle of the frozen chip samples was also used to validate the FEA 
models. For a cutting speed of 65 m/min, the angles were equal to 37.5° and 35° 
(Figure 4.63), respectively, and their percentage difference was 6.8% (Figure 4.62). 
Similarly, for cutting speed of 94 m/min, the measured shear plane angles from the 
experiment and the model were equal to 43° and 41°, respectively, and the percentage 
difference between the two angles was 4.7%. 
 
Figure 4.63 Shear plane angle measurements at Vc = 94 m/min, A- 
Experimentally, B- From the FEA model 
ϕ 
A B 
ϕ 
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4.5.6 FEA machining assessment study for AL-6XN and AISI 316 alloys 
Conducting a FEA study was also a part of machinability assessment of the AL-6XN 
and 316 alloys. Stresses, strains and residual stresses were utilised for this assessment 
study. Models setup, mesh and elements type and properties were explained in Chapter 
3.5.4. 
Stress and strain analysis 
The stress and strain distributions through the workpiece during machining of the AL-
6XN and 316 alloys are shown in Figure 4.64. It can be seen from Figure 4.64-A and 
B, that the maximum stress, appearing in the red coloured zones, was concentred 
around the cutting tool tip. These highly stressed zones were relatively small in the 
case of machining the 316 alloy (Figure 4.64-C&D) compared the AL-6XN alloy 
(Figure 4.64-G&H). A possible reason for this difference is the high strength of the 
AL-6XN alloy (as described in section 4.3.1 and Figure 4.31), which makes the AL-
6XN alloy less likely to yield against deformation caused by the cutting tool compared 
to the 316 alloy. This causes the stresses to accumulate in a bigger zone around and in 
front of the cutting tool.  
Figure 4.64-A&B show the distribution of the equivalent plastic strain PEEQ around 
the tip, beneath the machined surface and in the formed chips. When the strain 
propagation shown in Figure 4.64-A&B is compared to the obtained strain in 
simulating the AL-6XN alloy cutting process (Figure 4.64-E&F), it was found that the 
formed chips of the machined AL-6XN alloy were highly strained. This indicates and 
confirms that the AL-6XN alloy requires high strain to yield (especially at the 
beginning of cutting) due to its elevated yield strength, whereas the 316 alloy yields 
easily and most of its strain is concentrated along the primary shear angle, as viewed 
on the chip shear plane (Figure 4.64-B).  
The values of the stress and strain at the beginning of cutting and at the maximum were 
extracted and presented in Figure 4.65-A&B. The percentage difference between the 
gained strains and stresses values were also calculated and displayed in Figure 4.65-
C. At the beginning of the cutting process, a plastic strain of 0.833 and 0.746 mm/mm 
were recorded during machining of the AL-6XN and 316 alloys, respectively, when 
cutting speed of 65 m/min was used.  
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Figure 4.64 Von Mises stress and equivalent plastic strain PEEQ distributions 
in the machined 316 and AL-6XN alloys, A, B, C& D- PEEQ strain and Von 
Mises stress at the beginning and at the maximum for the 316 alloy, E, F,G& H- 
PEEQ strain and Von Mises stress at the beginning and at the maximum for the 
AL-6XN alloy 
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Figure 4.65 Von Mises stress and PEEQ strain graphs of the AL-6XN and 316 
alloys at the beginning of the cutting process, A&C- Values measured at Vc = 65 
m/min, B&D- Values measured at Vc = 94 m/min 
 
beginni
ng
max
beginni
ng
max
AL6XN 316
Strain at Vc= 65 m/min 0.833 3.53 0.746 3.4
Strain at Vc= 94 m/min 1.38 3.73 1.28 3.55
0
0.5
1
1.5
2
2.5
3
3.5
4
P
E
E
Q
 s
tr
a
in
 (
m
m
/m
m
)
A: PEEQ strain (mm/mm) for the AL-6XN and 316 alloys at 
the beginning and during the cutting process at Vc= 65 and 94 
m/min
beginnin
g
max
beginnin
g
max
AL6XN 316
Stress at Vc= 65 m/min 1001 1012 830 845
Stress at Vc= 94 m/min 1006 1012 843 846
0
200
400
600
800
1000
1200
V
o
n
 M
is
es
 s
tr
e
ss
 (
M
P
a
)
B: Von Mises stress (MPa) for the AL-6XN and 316 alloys at 
the beginning and during the cutting process at Vc= 65 and 94 
m/min
65 m/min 94 m/min 65 m/min 94 m/min
strain stress
% at the beginning 12 8 21 19
% at the max 4 5 20 20
0
5
10
15
20
25
%
Δ
C: %Δ in strain and stress values at the beginning and during 
the cutting process for AL-6XN and 316 alloys at Vc= 65 and 
94 m/min 
Chapter 4                        Results, analysis and discussion 
 
 
 
159 
 
The plastic strain results indicate that the AL-6XN alloy requires 12% more strain to 
yield and let the cutting tool penetrates the workpiece compared to the 316 alloy (as 
shown in Figure 4.65-C). During the cutting process, in the SSS where the chips were 
formed and separated, the recorded strain values were increased to 3.54 and 3.4 
mm/mm for the AL-6XN and 316 alloys, respectively, (Figure 4.65-A), but the 
percentage difference in the strain values of both alloys was only 4% (Figure 4.65-C). 
A possible reason for the drop-in strain percentage difference values in the SSS is the 
effect of thermal load. The AL-6XN alloy thermal conductivity at 11 (W K−1 m−2), is 
less than the thermal conductivity of the 316 alloy, which is equal to 15 (W K−1 m−2). 
When generated heat due to machining accumulates in the shear zone (ahead of the 
tool tip) and does not dissipate through the workpiece, thermal softening occurred as 
explained earlier. This thermal softening reduces the shear stress and forces value to a 
certain limit, which enables the cutting tip to remove the material at the low strain 
value of 3.54 mm/mm. Additionally, the percentage difference in the stresses values 
between the AL-6XN and the 316 alloys extracted from the stress-strain curves in 
Figure 4.31 (section 4.3.1) was 31% at the yield point and 20% at the UTS point. This 
drop in the percentage difference shows that, in the area between the yield and before 
the UTS point, the increase in strength of the AL-6XN alloy is less than the increase 
in strength of the 316 alloy for the same strain values. Thus, the percentage difference 
in strain values were decreased at the SSS. 
A similar trend in strain behaviour was identified when the cutting speed was switched 
to 94 m/min during the simulation. The strain values were equal to 1.38 and 1.28 
mm/mm at the beginning of cutting, then 3.77 and 3.55 mm/mm at the SSS for the AL-
6XN and 316 alloys, respectively (Figure 4.65-A). The percentage increase in the 
strain value was 8% at the beginning of cutting, which was less than the strain 
percentage increase at the beginning of cutting when a cutting speed of 65 m/min was 
applied, whereas in the SSS, the strain percentage increasing was 5% (Figure 4.65-C). 
The stress analysis demonstrated no significant change in the stress values recorded at 
the beginning and in the SSS (Figure 4.65-B). The stress values during machining of 
the AL-6XN alloy ranged from 1001 to 1012 MPa in the beginning and SSS of the 
cutting process when cutting speeds of 65 and 94 m/min were applied.  
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The stress values during machining of the 316 alloy ranged from 830 to 846 MPa when 
cutting speeds of 65 and 94 m/min were applied in the beginning and SSS of the cutting 
process. The percentage difference between all the stress values of the machined AL-
6XN and 316 alloys was 20 ±1%, as shown in Figure 4.65-C. 
FEA residual stresses of the AL-6XN and AISI 316 alloys for the assessment process 
The axial residual stresses, S11, created in the direction of the cutting process were 
calculated using the FEA model. The extracted S11 stress (tensile and compressive) 
values at cutting speeds of 65 and 94 m/min are graphically illustrated in Figure 4.66. 
When a cutting speed of 65 m/min was applied (Figure 4.66-A), maximum tensile 
residual stresses of 447 and 303 MPa were generated beneath the machined surfaces 
at different depths for the AL-6XN and 316 alloys, respectively. Maximum 
compressive stresses of -88 and -70 MPa were generated for the AL-6XN and 316 
alloys, respectively, for the same cutting speed of 65 m/min, beneath the tensioned 
layers of the AL-6XN and 316 alloys (Figure 4.66-A). 
 
Figure 4.66 Measurements of the residual stresses S11 from the machined 
surface down to the bottom of the workpiece, A- At Vc = 65 m/min, B- At Vc = 
94 m/min 
When a cutting speed of 94 m/min was utilised, the generated S11 tensile stresses were 
512 and 256 MPa for the AL-6XN and 316 alloys, respectively, while the S11 
compressive stresses were -100 and -52 MPa (Figure 4.66-B). Table 4.4 shows the 
itemised results used in the comparison between the FEA residual stresses studies of 
the AL-6XN and 316 alloys.  
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Table 4.4 Residual stresses assessment given by FEA 
Alloy 
Cutting 
speed 
(Vc) 
m/min 
Max 
tensile 
stress 
 MPa 
Depth of the 
tensile stress 
layer  
µm 
Max 
compressive 
stress  
MPa 
Depth of the 
compressive 
stress layer  
µm 
AL-
6XN 
65 447 160 -88 150 
94 512 200 -100 200 
AISI 
316 
65 303 120 -72 300 
94 256 100 -52 290 
 
The residual tensile stress when machining the AL-6XN alloy was higher than the 316 
alloy. This could be attributed to the high recorded plastic deformation which could be 
seen by comparing the values of the PEEQ strain of the alloys (Figure 4.64 and Figure 
4.65). The AL-6XN alloy requires more strain to cause plastic deformation and creates 
chips compared to the 316 alloy. As a consequence, the thermal load increased and the 
tensile stresses increased.  
The compressive residual stresses in Table 4.4 have lower values when compared to 
the 316 alloy compressive stresses. As stated before, the compressive stresses work as 
an equaliser stresses to maintain the stability of the workpiece; therefore, the depths of 
the compressively stressed layers were greater than the depths of the tensioned layers 
for both alloys and cutting speeds would, at the end, maintain the stability of the 
workpiece during the cutting process.  
Concluding the results obtained in this FEA assessment section, Figure 4.67 lists the 
obtained and discussed results in the current model and shows the percentage 
difference in values between the AL-6XN and 316 alloys results in order to judge the 
simulation of the AL-6XN alloy machinability process. The most significant results 
displayed in Figure 4.67 are the residual stresses and their layer depths. For instance, 
the AL-6XN alloy residual tensile stress values demonstrated increases of 48% and 
100%, while the AL-6XN alloy compressive stresses indicated increases of 22% and 
92%, when cutting speeds of 65 and 94 m/min was applied, respectively, compared to 
the FEA results of the 316 alloy. 
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Figure 4.67 Δ% in the FEA machining results between the AL-6XN and 316 
alloys 
Additionally, the residual tensile stress layers depth demonstrated increases of 48% 
and 100% when cutting speeds of 65 and 94 m/min were applied, respectively, to the 
AL-6XN alloy compared to the results of the machined 316 alloy. On the other hand, 
the compressive stress layer depths of the 316 alloy revealed increases of 50% and 
31% at cutting speeds of 65 and 94 m/min, respectively, as compared to the results of 
the AL-6XN alloy. 
Correlation between the residual stresses and the work hardening tendency at the 
machined surfaces  
As the FEA model is able to calculate the residual stresses due to the cutting process, 
this feature was utilised in this section to correlate the residual stresses to the work 
hardening tendency of the machined materials. To simplify understanding of the 
residual stress effects on work hardening of the machined surfaces in this work, the 
maximum work hardening tendency recorded, at trial (T3) for the AL-6XN and (T7) 
for the 316 alloys, were selected from section 4.3.2. According to those selected trials, 
the simulation process was re-run in new models using the same alloy properties but 
using the applied cutting parameters of trials (T3) and (T7). This means that new 
models were built for the AL-6XN and 316 alloys and the depth of cut was set at 2 
mm. The applied cutting speeds were 100 m/min for machining the AL-6XN alloy at 
trial (T3) and 150 m/min for machining the 316 alloy at trial (T7).  
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Figure 4.68 Correlation between the residual tensile stress and work hardening 
tendency 
Figure 4.68-A exhibits the simulated residual S11 stress values for the AL-6XN and 
316 alloys, as measured from the machined surfaces down to 0.15 mm. It can be seen 
in Figure 4.68-A that the tensile residual stress, S11, values reached 305 and 192 MPa 
at the machined surfaces of the AL-6XN and 316 alloys, respectively.  
The work hardening tendency in Figure 4.68-B recorded a higher value of 59% near 
the machined surface of the AL-6XN alloy compared to the recorded value of 29% for 
the 316 alloy. From these results, it could be said that, for the machinability of the AL-
6XN alloy, the formed residual tensile stresses due to plastic deformation and thermal 
effects in the machined surfaces caused that high work hardening tendency and vice 
versa. This behaviour was also studied by Wu and Matsumoto when researchers 
investigated the machinability of AISI 3430 [244]. Such residual tensile stresses are 
unfavourable stresses, as stated by Ulutan and Ozel and Tönshoff et al., which can 
induce wear formation on the edges of the cutting tool, fatigue, and cracks in machined 
surfaces [245, 246]. 
4.6 Summary 
Machinability characterisation of AL-6XN alloy  
This section describes the machinability aspects when the AL-6XN alloy was 
machined using milling operation. The machining results from this section are 
summarised as follows:  
0
100
200
300
400
0.00 0.05 0.10 0.15 0.20
S
1
1
 (
M
P
a
)
Depth beneath the cutting tool  (mm)
A: Residual stresses S11 
(MPa)
AL-6XN 316
0
10
20
30
40
50
60
70
0 0.05 0.1 0.15 0.2
Δ
%
 M
ic
r
o
h
a
r
d
n
e
ss
Depth beneath the cutting tool (mm)
B: Δ% work hardening 
tendency
AL-6XN 316
Chapter 4                        Results, analysis and discussion 
 
 
 
164 
 
• Cutting forces measurements indicated that trial (T4) recorded the maximum (Fy) 
value of 1593 N and the maximum (Fx) value of 1439 N. The trial (T8) had cutting 
forces value that were slightly less than the maximum cutting forces of trial (T4). 
However, this small drop in force values in trial (T8), where a cutting speed of 150 
m/min was applied, was correlated to the thermal softening due to machining of 
the low thermal conductivity alloy at high cutting speeds 
• The recorded cutting forces in all trials were influenced by the applied cutting 
parameters for any two consecutive trials having two constant parameters and one 
variable parameter. For example, cutting force results have shown that the (Fy) and 
(Fx) values were increased when the feed rate was increased for any two 
consecutive trials of constant depth of cut and cutting speed.  
A similar influence on increasing the cutting forces was detected per two 
consecutive trials that varied by the depth of cut value. On the other hand, the 
cutting speed slightly increased the (Fy) values while the (Fx) values were 
decreased in the trials where a cutting speed of 150 m/min and depth of cut of 3 
mm were applied. 
• Chips were collected after machining and investigated using SEM. These images 
had shown that the shear lamellar layers were arranged uniformly throughout the 
chip. A high intensity of the deformed and curled shear layers was found in the 
serrated edges of the chips. Serrated edges of the chips were increased in size and 
number along the chip sides when a high cutting speed of 150 m/min was applied. 
The serration degree of the chips was estimated.  
When a cutting speed of 150 m/min and a feed rate of 0.15 mm/tooth were applied, 
the serration degree was increased. The maximum serration of 6.91 was located in 
the chip of trial (T8). The overall serration degree of the machined alloy was 3.18, 
which is considered high number (undesirable) in the machining field. 
• The Vickers microhardness measurement was applied to estimate the depth of the 
work hardened layer. The pre-machined material had a microhardness value of 193 
HV, whereas all the post-machined samples had elevated microhardness with a 
maximum of 303 HV at trial (T3). The work hardened layer due to machining had 
a thickness of 25 μm. 
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• Metallography analysis revealed that the austenite-ferrite phase transformation 
process did not occur based on the analysed EBSD maps data of the microstructure 
of the deformed grains. 
• Machinability results revealed the presence of various types of wear, such as 
adhesion and abrasion wear, on the cutting tool rake and flank faces. Adhesion 
wear represented the BUE formation, crater wear, and chipping, whereas abrasion 
wear represented flank wear. The most commonly formed wear was crater wear. 
Therefore, the optimum tool life was identified according to the minimum length 
and depth of the crater wear. The microstructure of the BUE was investigated using 
SEM. The BUE was had an austenite shear lamellar structure that was identical to 
the formed shear lamellae of the produced chip. 
• The surface roughness values were measured in three selected positions on the 
machined surfaces with reference to the location on the cutting edge. SEM was 
utilised to inspect the machined surface microstructure and to correlate the 
microstructure with the surface roughness. The maximum roughness values 
recorded at the three positions in the longitudinal direction (perpendicular to the 
machining grooves) were 1.21 µm (trial T1), 1.63 µm (trial T6) and 1.68 µm (trial 
T7), respectively, whereas the roughness values were greatly reduced in the lateral 
direction. The results also show that the feed rate influenced the roughness values 
compared to the other cutting parameters. The microstructure of the machined 
surfaces was distorted by the existence of cracks, deformed edges and bands, and 
wear deposition due to the machining process. 
• The machinability aspects such as the cutting forces, tool wear and surface 
roughness demonstrated an interface between their results. For example, the (Fy) 
and (Fx) values had an interface with the formed wear types which have been 
summarised in the form of functions and equations: 
Fy, Fx = f (Chipping, CW, BUE) 
Fy, Fx α (Chipping wear propagation, CW) 
Fy, Fx α 
1
𝐵𝑈𝐸
   
• The roughness values of the machined surface were interfaced with the formed 
wear types as summarised in the following equations: 
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Ra = f (Chipping, BUE, CW) 
Ra
{
  
 
  
 
  
𝛼
1
𝐶ℎ𝑖𝑝𝑝𝑖𝑛𝑔 𝑎𝑛𝑑 𝐶𝑊
𝛼 𝐵𝑈𝐸 𝑎𝑛𝑑 𝐶𝑊
𝛼 𝐶𝑊
 
Machinability assessment of AL-6XN and AISI 316 alloys  
This section presented the machinability assessment of the AL-6XN alloy. Cutting 
forces, work hardening tendency, surface roughness and tool wear were analysed. The 
assessment was conducted based on a comparison between the AL-6XN alloy and the 
well-characterised 316 alloy in machining field. The results are summarised as 
follows: 
• The maximum increase in the (Fy) and (Fx) values of the AL-6XN alloy was 70% 
and 57%, respectively.  
• A maximum increase in the work hardening tendency of 59% was recorded for the 
AL-6XN alloy while only 29% was recorded for the 316 alloy at 5µm beneath the 
machined surfaces.  
• The roughness analysis recorded a maximum increase of 186% for the AL-6XN 
alloy compared to the 316 alloy.  
• Tool wear analysis using profile measurements of the cutting edges exhibited the 
formation of new geometries for the worn cutting edges due to adhesion and 
abrasion wear and the cutting parameters. The formation of the BUE was observed 
on the rake face of the cutting tool, severe chipping, flank and crater wear during 
cutting of the AL-6XN alloy whereas small chipping, flank, crater wear and no 
BUE formation were noted during cutting of the 316 alloy.  
Chip formation study in machining AL-6XN alloy 
This section studied the thermomechanical and plasticity of the AL-6XN alloy using 
chip formation analysis. Frozen chip root samples were created using a quick stop 
approach under a dry turning operation to determine the plasticity behaviour occurring 
in the shear zones. The results are summarised as follows: 
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• There was formation of microcracks (BUE triggers) at the chip root stagnation 
zone of both samples produced at cutting speeds of 65 and 94 m/min. The austenite 
phase patterns were evident against the cutting tool tip in the stagnation zone of 
the chip root fabricated at 65 m/min. The movement of these patterns caused the 
formation of slip lines within the grains. The backscatter diffraction maps 
displayed the formation of special grain boundaries within the slip lines, work 
hardening layer and in the chip region. Strain measurements in the microstructures 
of the chip roots fabricated at 94 and 65 m/min demonstrated high values of 6.5 
and 5.7 mm/mm, respectively.  
• Microhardness was measured in the hardening regions (workpiece–shear zone–
chip zone). The hardness values were significantly increased in the primary shear 
zone, and the chip had up to and more than the double the value of the base material 
microhardness.  
• The wear of the cutting tool used in turning the alloy was investigated using SEM. 
Excessive notch wear was located on the cutting edge when a cutting speed of 65 
m/min was used to penetrate a strengthened stagnation zone of 5.7 mm/mm plastic 
strain. While at a cutting speed of 94 m/min, the cutting edge was completely 
damaged as a flake of the edge was removed. This flake wear was created as a 
result of the BUE separation which, in turn, was separated due to the extent of its 
internal micro cracks.  
These issues were produced because the plastic strain, temperature and hardness 
were increased by 15, 22 and 10% respectively in the chip root formed at cutting 
speed of 94 m/min. The profile of the cutting tool was measured using an optical 
profilometer, and this revealed the changes in the cutting edge locations and 
geometries and their effects on the machining process. 
FEA of machinability of AL-6XN alloy 
This section described a FEA cutting model based on the AL-6XN alloy physical 
microstructure to investigate its thermomechanical behaviour during machining. 
• Microstructure analysis by the FEA study presented the formation of cracks in the 
stagnation zone ahead of the cutting tip.  
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Cracks started near the grain boundaries while the crack propagation was identified 
along the shear plane where the maximum stresses were accumulated. 
• Maximum stresses of 1019 and 1018 MPa, maximum strain values of 6.5 and 5.4 
mm/mm and maximum temperature values of 740ºC and 640°C were recorded 
when 94 and 65 m/min cutting speeds were applied in the simulation.  
• FEA residual stresses in terms of axial stresses S11 were estimated from the model 
in a region far away from the cutting tool. Tensile stress layers were predicted in 
the machined surfaces near the cutting tool whereas beneath the tensioned layer, 
the remaining of the workpiece restrain all of the compressive stresses. Maximum 
tensile residual stresses of 550 and 440 MPa were recorded for the 94 and 65 m/min 
cutting speeds, respectively, whereas maximum compressive stresses were equal 
to -120 and -90 MPa for the same cutting speeds, respectively. 
• The model validating process illustrated good agreement between the experimental 
and numerical results, and the error values were calculated. For the 94 and 65 
m/min cutting speeds, 7.5% and 5.2% were the errors in the strain, 3% and 2.5% 
were the errors in the temperature and 4.7% and 6.8% were the errors in the shear 
plane angles. 
• The FEA assessment study included the estimation of the stresses, strains and 
residual stresses when the machinability of AL-6XN and 316 alloys were 
simulated under 94 and 65 m/min cutting speeds. New models (non-physical 
microstructural models) were built for both alloys and used to simulate the cutting 
process. The FEA assessment results demonstrated that when the AL-6XN alloy 
was machined using 65 and 94 m/min cutting speeds, the increases compared to 
the 316 alloy were: 12% and 8% in plastic strain; 20% and 20% in stresses; 48% 
and 100% in residual tensile stresses; and 22% and 92% in residual compressive 
stresses, respectively. 
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5 Conclusions 
This chapter concludes the discusses the results of the experiments that were explained 
in Chapter 4.  
5.1 Material characterisation 
Material tests were carried out in this section to identify the as-received AL-6XN alloy 
mechanical properties and microstructure. 
• From the tensile test, the AL-6XN alloy had an average tensile strength of 670 
MPa at a strain of 0.6 mm/mm. The sample gauge length was increased up to 84% 
from the initial length until the break point, which indicates that the AL-6XN alloy 
is characterised by high ductility (higher than the ductility of the 316 alloy). 
• The hardness of the AL-6XN alloy was equal to 193 HV, which is low when 
compared with the hardness of the austenite stainless steels, such as 316 alloy (240 
HV).  
• The microstructure and phase characterisation process revealed that the alloy has 
an austenite phase only. Annealing twins were revealed in the microstructure and 
large grains size of 50 µm were detected. 
5.2 Machinability characterisation of AL-6XN alloy 
This section studied the machinability aspects (cutting forces, chip morphology, work 
hardening, metallography analysis, tool wear and surface roughness) when the AL-
6XN alloy was machined using a milling operation. Eight cutting trials were conducted 
under selected cutting parameters as listed in Table 5.1. 
• Cutting forces measurements indicated that the (Fy) and the (Fx) values were at 
their maximum of 1593 N and 1439 N, respectively, in trial (T4). However, the 
force values decreased at trial (T8), which had the same feed rate and depth of cut 
as trial (T4) but used a cutting speed of 150 m/min. This drop was related to the 
thermal softening phenomenon. 
• The applied cutting parameters significantly influenced the (Fy) and (Fx) values. 
The (Fy) and (Fx) values exhibited a noticeable increase for any two consecutive 
trials have constant cutting speed and depth of cut.  
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Table 5.1 Cutting trials 
Trials 
Cutting speeds (Vc) 
m/min 
Feed rate (f)  
mm/tooth 
Depth of cut (d) 
mm 
Coolant 
T1 100 0.1 2 
on 
T2 100 0.1 3 
T3 100 0.15 2 
T4 100 0.15 3 
T5 150 0.1 2 
T6 150 0.1 3 
T7 150 0.15 2 
T8 150 0.15 3 
 
The depth of cut revealed similar action on increasing the force values for any two 
consecutive trials had constant cutting speed and feed rate. The cutting speed 
parameter demonstrated less effect on the cutting forces value during the cutting 
process. A slight increase in the (Fy) values was detected in all the trials whereas 
the (Fx) values decreased when a cutting speed of 150 m/min and a depth of cut of 
3 mm were applied during the cutting process. 
• The SEM images of the collected chips revealed that the shear lamellar layers were 
formed in the chip free surface. High intensity of the deformed and curled shear 
layers was found in the serrated edge of the chip.  
• Overall serration degree of the machined alloy collected chips was 3.18, which is 
undesirable in the machining of a material. 
• Vickers microhardness measurements were used to estimate the depth of the work 
hardened layer. The formed work hardened layer due to machining had a thickness 
of 25 μm with a maximum microhardness value of up to 303 HV recorded at trial 
(T3). 
• Based on the examined EBSD maps data, the Austenite–Ferrite phase 
transformation process did not occur in the deformed grains. 
• Abrasive (FW and CW) and adhesive wear (BUE) were evident, by the SEM 
images, on the cutting edges.  
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Chipping wear was recognised on some of the cutting edges. This wear was created 
due to the surfaces subtraction phenomenon when a BUE is evident.  
• The common tool wear in this study was the CW. Therefore, the dimensions of 
CW (length and depth) were used to find the optimum life of the eight cutting tools. 
The maximum length of 2624 µm and depth of 380 µm were obtained in trials (T1) 
and (T4) respectively, where a cutting speed of 100 m/min, feed rate of 0.1 
mm/tooth and depth of cut of 3 mm were applied. Therefore, the optimum life of 
the cutting tools was selected for trial (T2) as the length and the depth of the CW 
were decreased by 58% and 71%, respectively at this trial. 
• A significant BUE was located at trials (T5) and (T7) with a large BUE size on 
rake edge at trial (T7).  
• The surface roughness values were measured in three selected positions with the 
reference to the location of the cutting edge. At position 1 (beginning of cutting), 
a maximum roughness value of 1.21 µm was noted in trial (T8). At the middle 
position, the roughness value of trial (T1) increased to the maximum value of 1.63 
µm. At the end of the cutting process, the maximum roughness value of 1.68 µm 
was observed in trial (T7).  
• The roughness of the machined surfaces was significantly influenced by the feed 
rate followed by the cutting speed and then by the depth of cut. The Ra values were 
directly and inversely proportional to the feed rate values depending on the applied 
cutting speed and the location where the roughness values were recorded.  
• The rougher surfaces demonstrated the existence of minor cracks, distorted areas, 
deformed edges and bands, as well as a plastic flow behaviour, when the surfaces 
microstructures were examined by SEM. The size and number of cracks and 
distortions varied with respect to the applied cutting parameters. 
• The cutting forces (Fy) and (Fx) results interfaced with the chipping and crater wear 
values as explained in the following functions and equations: 
Fy, Fx = f (Chipping, CW, BUE) 
Fy, Fx α (Chipping wear propagation, CW) 
Fy, Fx α 
1
𝐵𝑈𝐸
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• Also, chipping, BUE and CW had influenced the quality of the machined surfaces. 
This influence on the Ra values expressed by the following equations: 
 
Ra = f (Chipping, BUE, CW) 
Ra
{
  
 
  
 
  
𝛼
1
𝐶ℎ𝑖𝑝𝑝𝑖𝑛𝑔 𝑎𝑛𝑑 𝐶𝑊
𝛼 𝐵𝑈𝐸 𝑎𝑛𝑑 𝐶𝑊
𝛼 𝐶𝑊
 
5.3 Machinability assessment of AL-6XN and AISI 316 alloys 
This section assessed the machinability of the AL-6XN alloy using cutting forces, 
work hardening tendency, surface roughness and tool wear. A comparison was made 
between the AL-6XN and 316 alloys. The conclusion of this section can be 
summarised by the following statement: machinability of the AL-6XN super austenite 
stainless steel alloy is poorer than the machinability of the AISI 316 austenite 
stainless steel alloy (which is known as a difficult to machine alloy) due to the 
following reasons: 
• The mean values of the measured forces in the SSS during cutting of the AL-6XN 
alloy demonstrated increases of up to 70% and 57% in the (Fy) and the (Fx) values, 
respectively, when compared to the cutting forces value of the 316 alloy. 
• The maximum microhardness values near the machined surfaces reached 303 and 
322 HV for the AL-6XN and 316 alloys, respectively. The high microhardness 
values of the machined 316 alloy resulted from the alloy small grain size. The 
maximum increase in work hardening tendency reached 59% for the machined AL-
6XN alloy due to its high tensile strength, while an increase of only 29% was found 
for the machined 316 alloy.  
• A high residual tensile S11 stress of 305 MPa (obtained by the FEA model) at the 
machined surface was the reason for the elevated work hardening tendency of up 
to 59% in trial (T3) for the AL-6XN alloy, whereas the residual tensile S11 stress 
of 192 MPa elevated the work hardening tendency in trial (T7) by only up to 29% 
for the 316 alloy.  
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• The roughness values of the machined surfaces were calculated in the three 
selected positions for both alloys. In position 1, the difference in the roughness 
values between the AL-6XN and the 316 alloys was less than 50% (except in trial 
8).  
In position 2, the differences in the roughness values were in the range of 10-150%. 
In position 3, the differences were in the range of 20-186 %. The high penetration 
(Fx) values of 880 and 1700 N recorded in trials (T1) and (T8), respectively, were 
responsible for increasing the difference in roughness values of the AL-6XN and 
316 alloys, which increased by up to 55% and 128% in trials (T1) and (T8), 
respectively, in position 1. 
• From the tool wear analysis of the machined AL-6XN alloy, the profiles of the 
cutting tool edges were measured to reveal the geometry response of the cutting 
edges to the applied cutting parameters, as well as to the generated wear types. At 
100 m/min cutting speed in trials (T1-T4), the cutting edges were shifted to the 
right and their heights were changed.  
At 150 m/min cutting speed in trials (T5-T8), the cutting edges were severely 
deformed and new sharp, shifted edges were generated. The tip radii of the cutting 
inserts were changed according to the wear type. Large radii were identified when 
the cutting edge was lowered in trials (T1), (T2) and (T8). Two large and four small 
rounded edges were formed due to chipping wear in trials (T3) and (T4), 
respectively. BUE formation resulted in edges with sharp angles in trials (T5) and 
(T7), whereas CW on the cutting edge of trial (T6) formed a long and flat 
chamfered edge. 
• Tool wear analysis indicated the formation of FW, CW and chipping wear on the 
cutting inserts used to machine the 316 alloy but with lower values when compared 
to the AL-6XN alloy tool wear types and values.  
• Chipping wear increased the roughness value of the machined alloys. For the AL-
6XN alloy, chipping wear was the reason for elevated roughness values by up to 
47% and 186% in trials (T3) and (T4), respectively, compared to the roughness 
values of the machined 316 alloy.  
 
Chapter 5                                                                                 Conclusions 
 
 
 
174 
 
• Chipping wear increased the forces value during machining of the alloys. For the 
AL-6XN alloy, chipping wear increased the (Fy) and the (Fx) values by up to 52% 
and 57%, respectively, in trial (T3) and 29% and 34% in trial (T4) compared to the 
measured forces of the 316 alloy in the same trials due to large tool-workpiece 
contact length.  
Additionally, severe chipping wear on the cutting tip in trial (T8) increased the 
difference in the (Fy) values by up to 70% compared to the (Fy) values of the 316 
alloy recorded in the same cutting trial. 
• BUE formation was detected on the tips used in machining the AL-6XN alloy in 
trials (T5) and (T7), whereas no BUE was detected during machining of the 316 
alloy. A high roughness value of 1.68 µm was recorded at the end of the cutting 
process of trial (T7) due to the presence of the BUE when machining the AL-6XN 
alloy. 
5.4 Chip formation study in machining of the AL-6XN alloy 
This section studied the plasticity of the AL-6XN alloy using chip formation analysis. 
A quick stop approach was used to generate the frozen root samples under cutting 
speeds of 65 and 94 m/min, feed rate of 0.2 mm/rev and depth of cut of 1 mm. Results 
of this experiment are summarised as follows: 
• Microstructure analysis revealed the formation of the austenite phase patterns, 
when 65 m/min cutting speed was used, within the stagnation zone. Microcracks 
were seen in front of the cutting tool tip in the stagnation zones microstructure of 
the machined samples produced at 65 and 94 m/min. These microcracks were a 
trigger for formation of the BUE layer. 
• An EBSD detector was used to index the grains in the microstructure and the shear 
zones of the frozen chip samples to establish the strain values. High strain values 
of 6.5 and 5.7 mm/mm were recorded near the stagnation zones in the 
microstructures of the samples fabricated at 94 and 65 m/min, respectively. 
• The EBSD maps displayed the formation of slip lines in grains of the work 
hardening layer and the chip region. The post-processing for the EBSD maps 
revealed the presence of the LAGBs and HAGBs within the slip lines that 
accumulated with various densities. 
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• Cutting temperature and the chip morphology were recorded for the chip roots 
fabricated at 65 and 94 m/min cutting speeds. These values were used with strain 
values to validate the FEA model.  
• Chip root samples were also used to calculate the hardness map within the 
microstructure of the work hardened layer and the formed chip region.  
The results revealed increases in the calculated microhardness values of up to 
double the microhardness value of the non-machined base material at the primary 
and secondary shear zones and the chip region due to accumulation of dislocations 
and plastic deformation. 
• Wear analyses were conducted on the cutting tools used in the formation of the 
frozen chip root samples. The results revealed the presence of BUE, chipping, 
flank and notch wear when the cutting process was performed at 65 m/min cutting 
speed. At 94 m/min cutting speed, a catastrophic failure in the cutting tool occurred 
due to flake wear, which caused separation of a massive part of the cutting edge. 
This flake wear was created when the unstable welded layer BUE was separated 
of the cutting edge due to the extent of the internal micro cracks. These issues were 
produced on the cutting edge because the plastic strain, temperature and hardness 
were increased by 15, 22 and 10% respectively in chip root formed at cutting speed 
of 94 m/min. 
• The surface profile was measured using an optical profilometer. The cutting wedge 
was decreased to 100 µm and 40 µm due to flake wear when the machining process 
was carried out at a cutting speed of 94 m/min.  
• At cutting speed of 65 m/min, chipping wear of 280 and 190 µm width and depth, 
respectively, was evident, and notch wear with a maximum width of 990 µm and 
a decreased edge depth of 50 µm was detected. 
5.5 FEA of machinability of AL-6XN alloy 
This section summarises the results of microstructure analyses, stress and strain, 
residual stresses and temperature from the FE cutting model for the AL-6XN alloy. 
The FE model was built based on the physical microstructure of the AL-6XN alloy 
using cutting speeds of 65 and 94 m/min as boundary conditions to investigate the 
alloy thermomechanical behaviour under machining. 
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• When cutting speeds of 94 and 65 m/min were applied as boundary conditions, 
stress, strain and temperature at the shear zone had recorded maximum values of 
1019 and 1018 MPa, 6.5 and 5.4 mm/mm, and 740ºC and 640°C, respectively. 
• Residual stresses in terms of axial stresses S11 were estimated from the FEA model 
in a region far away from the cutting tool.  
Tensile stress layers were predicted in the machined surfaces near the cutting tool 
whereas the remaining of the workpiece restrain all of the compressive stresses. 
Maximum tensile residual stresses of 550 and 440 MPa were recorded for the 
cutting speeds of 94 and 65 m/min, respectively, whereas the maximum 
compressive stresses were equal to -120 and -90 MPa for the same cutting speeds, 
respectively. 
5.6 FE model validation 
The FEA model was validated according to the experimental results and good 
agreement was obtained.  
• For the 94 and 65 m/min cutting speeds, 7.5% and 5.2% were the errors in the 
strain values, 3% and 2.5% were the errors in the temperature values and 4.7% and 
6.8% were the errors in the shear plane angle values. 
Machinability assessment of AL-6XN alloy in term of FEA 
This section compared the stress, strain and residual stress values between the AL-
6XN and 316 alloys. FE models (non-microstructural based) were built for both alloys 
and the cutting processes were run under cutting speeds of 65 and 94 m/min. The 
summarised results are as follows: 
• The FEA results for the AL-6XN and 316 alloys revealed increases of 12% and 
8% in the maximum strain values when machining the AL-6XN alloy at a cutting 
speed of 65 and 94 m/min, respectively, and 20% and 20% in the maximum Von 
Mises stress values at the same cutting speeds.  
• The increases in the simulated residual tensile stresses, S11, of the AL-6XN alloy 
compared to the 316 alloy at 65 and 94 m/min were 48% and 100%, respectively, 
whereas the increases in the depths of the tensile stressed layers of the AL-6XN 
alloy beneath the cutting tool were 33% and 100%, respectively.  
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The increases in residual compressive S11 stresses of the AL-6XN alloy compared 
to the 316 alloy at 65 and 94 m/min were 22% and 92%, respectively, whereas the 
increases in the depths of the compressively stressed layers of the 316 alloy 
beneath the tensile stressed layer were equal to 50% and 31%, respectively. 
5.7 Contribution towards manufacturing industry and machining 
literature 
This thesis contributes to the field of manufacturing engineering generally and 
especially to the field of machining. This thesis adds to the understanding of AL-6XN 
alloy plastic flow behaviour when subjected to conventional machining operations. 
The literature reviewed in Chapter 2 emphasised, in particular, the importance of the 
machinability process when machining austenite stainless steel alloys. The reviewed 
literature also confirmed the industry requirement that the conventional austenite 
stainless steel alloy, such as 316, be replaced by an alloy of superior mechanical 
properties [2]. The purpose of finding a replacement alloy is to resist severe corrosion 
when using the alloy in design applications under harsh environments. Therefore, the 
AL-6XN super austenitic stainless steel alloy was nominated to replace 316 alloy. As 
mentioned in Chapter 2, the literature did not show much data regarding machining of 
the AL-6XN alloy. For that reason, the data obtained by this thesis compensates for 
the gap in the literature by performing various machining experiments on the AL-6XN 
alloy. 
The results of Chapter 4.2 contribute towards the machining industry in which the 
obtained data provide knowledge about the machining issues regarding the machined 
alloy and cutting tools. The machining data in this chapter could be used to design 
modified cutting tools to avoid, as much as possible, the formed wear types when 
machining the AL-6XN alloy that, in turn, improves the quality of the machined 
surfaces of the manufactured components.  
The machining assessment results of Chapter 4.3 was used to evaluate the 
machinability of the AL-6XN alloy in the machining field by comparing its machining 
data against that of a difficult to machine alloy, such as 316. This comparison enhances 
the machinist awareness about the predicted cost and the machining issues before 
selecting the AL-6XN alloy as a replacement for the 316 alloy.  
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Data of the chip formation observation experiments in Chapter 4.4 contribute towards 
the machinability literature. The chip formation experiments provide the machinist 
with an explanation of the plasticity behaviour when the AL-6XN alloy is machined 
using conventional turning at medium cutting speeds. The machinist is also able to use 
this data and compare them with the plasticity data of other alloys such as duplex 
stainless steel and Nickel based superalloys, where the cost and performance are 
considered in manufacturing customised components. 
The contribution of Chapter 4.4 and Chapter 4.5 are connected to each other. The FE 
model was developed to model and simulate, as far as possible, the real time 
experimental design, i.e. the cutting process. The model, especially after the 
satisfactory results compared with the experimental results, is able to predict the 
stresses, strains, temperature and chip morphology for given set of cutting conditions.  
Using this FE model at prototyping and testing stage, is beneficial to manufacturers 
rather than conducting real time cutting processes that increase cost and produces a lot 
of material waste, which is harmful to the environment. 
To conclude, this thesis contributes, firstly, by presenting machining data on the AL-
6XN alloy that are useful for the manufacturing industry, and secondly, for the 
academic community, the AL-6XN alloy plasticity behaviour during machining has 
been introduced. Lastly, the developed FE model is useful to determine the plastic 
behaviour of the AL-6XN alloy when various cutting parameters are applied as 
boundary conditions.  
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6 Thesis work limitations and recommendations for future 
work 
6.1 Limitations to the present thesis work 
Although this thesis covers broad themes on the machinability of the AL-6XN alloy, 
limitations to the present work are unavoidable.  
• Machinability of the AL-6XN alloy is still not well understood. The literature has 
not shown much machining data with regards to the AL-6XN alloy. Therefore, 
there was no sufficient machining data on the AL-6XN alloy to be used as a 
benchmark. For that reason, observations were conducted on machinability of the 
AL-6XN alloy in Chapter 4.2. These observations were utilised to characterise the 
machinability of the AL-6XN alloy based on machining data of other alloys. 
• The machining assessment study that was performed in Chapter 4.3 was limited to 
comparisons between the AL-6XN and 316 alloys only. Other alloys such as 
duplex stainless steel and nickel based super alloys should also be used in the 
assessment process as these alloys have excellent properties in resisting corrosion 
but they are expensive. Therefore, the AL-6XN alloy could be used as a 
replacement for those alloys in industry. 
• The plasticity behaviour of the AL-6XN alloy was well described and determined 
from the chip formation study in Chapter 4.4. However, limitations in this study 
could be presented by the applied cutting parameters. Applying various depths of 
cut and feed rate values should also be considered in order to study their effect on 
the AL-6XN plasticity during the cutting process. Although the temperature 
measurement in this study illustrated good agreement when validating the FE 
model, the temperature is still recorded by a thermal camera. Measuring the 
temperature with a thermal camera might increase the errors as the thermal image 
could be affected by external factors such as machine vibration and accumulation 
of material chips in front of the camera lens. 
• The developed FEA model in Chapter 4.5 is only a 2D model, which is a limitation 
in presenting the AL-6XN alloy cutting process. Building a 3D FE model would 
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provide a better understanding of how the stresses, strains and temperature are 
distributed through the grains and grain boundaries during the cutting process.  
Further, the current FE model suggested that the plasticity of the grain boundaries 
behave similarly to the plasticity of the grains themselves to simplify the model 
representation while affirming the output accuracy. However, the current model 
was built to identify the plasticity behaviour of the AL-6XN alloy when the alloy 
is subjected to a cutting process. The validation process of the current FEA model 
with the experimental results illustrated that the errors were less than 7.5%. These 
error values indicate that the FEA model can be used as a pre-test to predict the 
required machining outputs before conducting cutting experiments, which will 
minimise costs, materials and tools waste.  
6.2 Recommendations for future work 
As the machinability of the AL-6XN alloy has not been adequately investigated 
previously, the current thesis is not able to cover all the necessary studies on the 
machinability of this alloy. For that reason, further machining research should be 
conducted on the AL-6XN alloy. 
• The applied cutting parameters in this work were limited to two cutting speeds, 
two feed rates and two depths of cut. Further research is necessary to investigate 
machining aspects using various cutting parameters that are lower or higher than 
the selected cutting parameters of this thesis. 
• Further machining studies should be conducted using the same cutting parameters 
utilised in this work but under a dry environment (no coolant applied). The 
outcomes of this study will help to predict the effects of the coolant on the 
machining aspects and the efficiency of the cutting tools. 
• Similar to other conventional austenite stainless steel alloys, conducting a 
machining optimisation on the AL-6XN alloy is essential. This study will assist in 
eliminating the work hardening tendency of the machined surfaces cross-sections, 
reducing the required cutting forces and power to cut the alloy, minimising the 
roughness values of the produced surfaces and increasing the life of the cutting 
tools. For example, the Taguchi method for optimisation a machining process is a 
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famous method used by researchers to optimise the quality of the machined 
surfaces of the austenite stainless steel alloys.  
The optimization method could be applied to optimize the quality of the AL-6XN 
machined surfaces. 
• Milling was used in this thesis to generate machined passes on the AL-6XN alloy 
for the purposes of studying the machining aspects. However, in machining, 
turning and drilling are also important cutting processes for reproducing or treating 
previously manufacturing components. Therefore, a study could be useful to 
explore machining aspects when conducted during turning or drilling of the AL-
6XN alloy using suitable cutting parameters and environments. 
• Regarding the chip formation observation using a quick stop experiment, further 
study should be conducted using the same cutting speeds but with different feed 
rates and depths of cut values. The purpose would be to monitor the behaviour of 
the austenite phase patterns, microcrack distribution and propagation, 
microstructural changes in term of the LAGB and HAGB of the deformed grains 
and their impact on the work hardening behaviour during the cutting process. 
• A mathematical model for the grain boundaries plastic behaviour during the plastic 
deformation due to the cutting process could be derived in a separate study. This 
mathematical model could then be imported into the ABAQUS software and used 
as a material input model to represent the plasticity of the grain boundaries. The 
outcomes of this study will improve the FE chip formation model by reducing the 
predicted errors when validated with the experimental results. 
• A new 3D FE model could be created based on the alloy physical microstructure. 
Recently, OOF3D has been released, which enables the creation of a 3D meshed 
microstructure. However, the OOF3D software requires imaging of the alloy 
microstructure using an EBSD detector. Imaging the alloy microstructure using 
EBSD to create a 3D microstructure is complicated. However, as suggested by the 
OOF3D software, the EBSD microstructure images should be captured and 
scanned in various axes and directions. These images can then be arranged by the 
OOF3D software, which requires an experienced user, to produce the meshed 
microstructure. However, the 3D presentation for the FE model gives a better 
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explanation for the formed chip morphology, distribution of the plastic strain, 
stress, residual stresses and temperature within the actual 3D grain shape. 
• Regarding the FE model that was conducted for assessment purposes in Chapter 
4.5.6, further study could be conducted to establish the 316 alloy EBSD scanned 
microstructure. This EBSD scanned microstructure could undergo the same 
procedure used in this thesis in Chapter 4.5 to determine the real meshed 
microstructure. This meshed microstructure will improve the quality of the results, 
thus reducing the output errors, when used for FEA machining assessment 
purposes against the AL-6XN meshed microstructure. 
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Appendix 
A. Machinability characterization of AL-6XN alloy 
 
Figure A. 1 The machined workpiece of the AL-6XN alloy  
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Figure A. 2 Cutting forces filtering 
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Figure A. 3 Filtered feed (Fy) and normal (Fx) forces for the eight cutting trials 
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Figure A. 4 Feed (Fy) and normal (Fx) forces mean values at (SSS) 
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Figure A. 5 Effect of cutting parameters on cutting forces (Fy) and (Fx) value 
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Figure A. 6 Δ change in cutting forces value regards the applied cutting 
parameters 
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Chip morphology 
 
Figure A. 7 Chips of the eight cutting trials as collected after machining process 
 
Figure A. 8 SEM images of the chips free surfaces 
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Figure A. 9 SEM images of the serreated edges of the chips, and zoomed images 
for the edges of trials (T5) and (T6) 
 
Zoomed Zoomed 
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Figure A. 10 AsB image of the chip cross section to reveal the shear bands 
 
Figure A. 11 Polished chip cross section 
 
Figure A. 12 AL-6XN alloy serration degree measured at the eight cutting trials 
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Work hardening measurements in the machined surfaces 
 
Figure A. 13 Microhardness values in the work hardened layers of the polished 
samples extracted from the eight cutting trials 
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Metallography analysis of the work hardened layer 
 
Figure A. 14 A- Microstructure of the AL-6XN under SEM detector, B- 
Microstructure of the cross section of the machined samlple, C- band contrast 
BC map of the cross section of the machined sample, D- EBSD image of the 
cross section of the machined sample 
 
Tool wear analysis  
 
Figure A. 15 SEM images of the BUE formed on the cutting edge used at trial 
(T5) 
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Figure A. 16 SEM images of the BUE formed on the cutting edge used at trial 
(T7) 
 
 
Figure A. 17 A- Inspection of the microstructure of the formed BUE in trial 
(T7), B- Inspection of the formed chip of trial (T7) to make a comparison with 
the microstructure of the BUE 
 
 
Figure A. 18 SEM images of the cutting insert of trial (T6) to reveal wear types 
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Figure A. 19 Adhered particles on the chip cross sction 
 
Figure A. 20 SEM images of the eight cutting tools 
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Figure A. 21 Crater wear CW length and depth of the eight cutting tools 
Surface texture analysis  
 
Figure A. 22 Surface roughness measurements at the three selected positions 
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Figure A. 23 Distortion analysis for the microstructure of the machined surfaces 
of trials (T1) and (T4) using SEM, A- Trial (T1) at position 1, B- Trial (T4) at 
position 1, C- Trial (T1) at position 2, D- Trial (T4) at position 2, E- Trial (T1) 
at position 3, F- Trial (T4) at position 3 
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Figure A. 24 Distortion analysis for the microstructure of the machined surfaces 
of trials (T5) and (T8) using SEM, A- Trial (T5) at position 1, B- Trial (T8) at 
position 1, C- Trial (T5) at position 2, D- Trial (T8) at position 2, E- Trial (T5) 
at position 3, F- Trial (T8) at position 3 
 
 
Figure A. 25 Effects of tool wear types on the cutting forces value 
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Figure A. 26 Effects of tool wear types on surface roughness 
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B. Machinability assessment of AL-6XN and AISI 316 alloys 
Cutting forces analysis 
 
Figure B. 1 Feed forces (unprocessed signals) of AL-6XN and 316 austenite 
stainless steel 
 
Figure B. 2 Mean values of the cutting forces during cutting AL-6XN and 316 
austenite stainless steel, A- Normal force (Fx), B- Feed force (Fy)  
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Figure B. 3 Tensile strength of AL-6XN and 316 alloys 
 
Figure B. 4 Percentage difference (increase) in the cutting forces of the AL-6XN 
compared to 316 austenite stainless steel 
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Figure B. 5 Effects of the cutting parameters on the feed (Fy) and normal (Fx) 
forces, A- Effects of feed rate, B- Effects of the cutting speed, C- Effects of the 
depth of cut 
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Work hardening investigation 
 
 Figure B. 6 Electrolytically etched microstructures, A- AL-6XN alloy, B- 
316 alloy 
 
Figure B. 7 Work hardening due to machining, A- AL-6XN, B- 316 alloys 
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Figure B. 8 Percentage increase of the work hardening tendency measured at 5 
µm beneath the machined surfaces of AL-6XN and 316 alloys 
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Surface roughness measurements 
 
Figure B. 9 Roughness values of the machined AL-6XN and 316 alloys, A- 
Positions 1, B- Position 2, C- Position 3 
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Figure B. 10 Penetration normal forces (Fx) recorded at trials (T1) and (T8) at 
the beginning of the cutting process for AL-6XN and 316 alloys 
 
Figure B. 11 Δ% in the surface roughness values of the AL-6XN alloy with 
reference to the roughness values of the 316 alloys measured at three selected 
positions on the machined surfaces 
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Tool wear analysis using Alicona InfiniteFocus profilometer 
 
 
Figure B. 12 Cutting tool path profile estimation of the new and worn edges 
(toole nose) for the AL-6XN alloy 
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Figure B. 13 Cutting tool path profile estimation of the worn edges (toole nose) 
for the 316 alloy 
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C. Chip formation study in machining of the AL-6XN alloy 
Microstructure analysis 
 
Figure C. 1 The microstructure of the frozen chips root, A- Chip root formed at 
65 m/min, B- Stagnation zone of the chip root at 65 m/min, C- Chip root formed 
at 94 m/min, D- Stagnation zone of the chip root at 94 m/min 
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Figure C. 2 A- Frozen chip sample formed at 65 m/min shows slip lines region, 
B- Primary shear zone and work hardening layer, C- EBSD map shows detected 
slip lines presented by LAGBs (green) 2° to 10° and HAGBs (blue) > 10° 
 
 
 
Figure C. 3 Slip lines formation model within the grain 
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Strain measurements in the frozen chip root samples 
 
Figure C. 4 Plastic strain map for Vc = 65 m/min, A- At the chip root sample, B- 
At the stagnation zone 
 
Figure C. 5 Plastic strain map for Vc = 94 m/min, A- At the chip root sample, B- 
At the stagnation zone 
 
Figure C. 6 Strain values at measured at 65 m/min, I- Stagnation zone, II- 
Hardened layer beneath the machined surface, III- Primary shear zone, IV- 
Chip region 
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Figure C. 7 Strain values at measured at 94 m/min, I- Stagnation zone, II- 
Hardened layer beneath the machined surface, III- Primary shear zone, IV- 
Chip region  
Work hardening measurements in the frozen chip root samples 
 
Figure C. 8 Work hrdening map within the microstructure of the frozen chip 
root samples fabricated at Vc = 65 m/min (on the left), Vc = 94 m/min (on the 
right) 
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Temperature measurements in turning AL-6XN alloy 
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Figure C. 9 Temperature measurements 
Tool wear investigation in the chip formation study  
 
Figure C. 10 Cutting tool edges scanned under SEM detector for a Vc = 65 
m/min, A- Notch wear, chipping and BUE formation, B- Micro cracks 
propagation and BUE formation, C- BUE deposition on the cutting edge 
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Figure C. 11 Cutting tool edges scanned under SEM detector for Vc = 94 m/min, 
A- Flake wear, micro cracks propagation, pitting area and BUE formation, B- 
BUE deposition 
 
Figure C. 12 Surface profile form measurements applied on worn cutting edge 
at Vc = 94 m/min (on the left) and worn cutting edge at Vc = 65 m/min (on the 
right) 
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Figure C. 13 Profile curves obtained at various positions, A- New cutting edge, 
B- Worn cutting edge at Vc = 94 m/min, C- Worn cutting edge at Vc = 65 m/min 
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D. FEA of machinability of AL-6XN alloy 
Microstructure analysis 
 
Figure D. 1 A- Microstructure deformation and Von Mises stress (Pa) 
distribution during the cutting process, B- Crack initiation and propagation 
along the primary shear zone, C- The formation of the first chip shows the shear 
band and primary shear zone 
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Stress and strain measurements 
 
Figure D. 2 Observation of the formed chip during the cutting process at Vc = 
65 m/min, A, B- Von Mises stresses (Pa), C, D- Equivalent plastic strain mm/mm 
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Figure D. 3 Stress and strain distribution through the grains of the entire model 
at the beginning of the cutting process, A- Von Mises stress (MPa) at Vc = 94 
m/min, B- PEEQ equivalent plastic strain (mm/mm) at Vc = 94 m/min, C- Von 
Mises stress (MPa) at Vc = 65 m/min, D- PEEQ equivalent plastic strain 
(mm/mm) at Vc = 65 m/min 
 
Figure D. 4 A- Maximum stress and strain obtained from the FEA modelling at 
Vc = 65 and 94 m/min, B- Comparison between the experimental and FE strain 
values 
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Temperature measurements 
 
Figure D. 5 Temperature measurements (°C) during simulation of the cutting 
process at Vc = 65 m/min, A- At the beginning of the cutting process, B- After 
forming the chips 
 
Figure D. 6 Experimental and FEA results of the measured temperature (°C), 
A- At the beginning of the cutting process, B- After 20 seconds of the cutting 
process, LCS = low cutting speed, HCS = high cutting speed 
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Residual stresses measurements by FEA 
 
Figure D. 7 Residual stresses (S11) MPa calculated relating to the depth beneath 
the flank face of the cutting tool, A- For Vc = 94 m/min, B- For Vc = 65 m/min, 
C- Heat distribution that affects the tensile residual stress 
Model validation 
 
Figure D. 8 Obtained errors during validating the FE model 
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Figure D. 9 Shear plane angle measurements at Vc = 94 m/min, A- 
Experimentally, B- From the FEA model 
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FEA machining assessment study for AL-6XN and AISI 316 alloys 
Stress and strain analysis 
 
Figure D. 10 Von Mises stress and equivalent plastic strain PEEQ distributions 
in the machined 316 and AL-6XN alloys, A, B, C& D- PEEQ strain and Von 
Mises stress at the beginning and at the maximum for the 316 alloy, E, F, G& H- 
PEEQ strain and Von Mises stress at the beginning and at the maximum for the 
AL-6XN alloy 
A 
B 
C 
D 
E 
F 
G 
H 
Appendix  
 
 
 
245 
 
 
Figure D. 11 Von Mises stress and PEEQ strain graphs of the AL-6XN and 316 
alloys at the beginning of the cutting process, A&C- Values measured at Vc = 65 
m/min, B&D- Values measured at Vc = 94 m/min 
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FEA Residual stresses of the AL-6XN and AISI 316 alloys for the assessment 
process 
 
Figure D. 12 Measurements of the residual stresses S11 from the machined 
surface down to the bottom of the workpiece, A- At Vc = 65 m/min, B- At Vc = 
94 m/min 
 
Figure D. 13 Δ% in the FEA machining results between the AL-6XN and 316 
alloys 
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Correlation between the residual stresses and the work hardening tendency at the 
machined surfaces  
 
Figure D. 14 Correlation between the residual tensile stress and work hardening 
tendency 
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